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ABSTRACT
With the emergence of Matrix Assisted Laser Desorption/Ionization-Time-of-flight as a
tool for diagnosis of diseases via proteomics, there is an increasing need for greater
sensitivity. Analysis of peptides by MALDI-TOF-MS is affected by sample formulation
and spotting onto a MALDI target. This dissertation investigates a novel MALDI sample
preparation technique, Induction Based Fluidics (IBF), for depositing precise volumes
(pL to nL) of samples onto the target. We have seen that while using IBF, the induced
electric field accompanying deposition enhances matrix crystallization yielding smaller
crystals with more homogeneity, as compared to conventional manual micropipette (MP)
depositions. An investigation of the signal-to-noise (S/N) for IBF deposition of tryptic
digested Bovine Serum Albumin (BSA) showed a significant improvement in the signalto-noise ratio for 0.5 and 0.25 pmol/µL BSA sample compared to equivalent MP
depositions. The S/N enhancement for IBF and MP depositions of BSA were studied
using α-cyano-4-hydroycinnamic acid (CHCA) and 2,5-dihydroxybenzoic acid (DHB)
matrices, and CHCA showed better results than DHB .
The exciting results obtained by IBF prompted us to probe sample morphology more
fully and to relate morphology to the detections level and hopefully, to increase the utility
of MALDI-TOF-MS for detection of a larger range of peptides. Morphology results were
correlated to sensitivity limits using both dispensing techniques. Because of dissimilar
rates of evaporation, different or uneven deposition thickness, or crystal lattice
morphology, discontinuous crystallization patterns were observed for MP depositions.
xii

However, IBF deposited samples occupied less planar area with uniform distribution of
crystals, thereby reducing sample crystal heterogeneity and laborious hunt for a “sweet”
or “hot” spot to produce high quality spectra. The application of IBF was extended to the
tryptic digested BSA protein using peptide mass fingerprinting. IBF deposition resulted
in a larger number of detectable peptides as well as higher sequence coverage as
compared to equivalent MP depositions.
In last few decades, advanced research and potential applications in the field of
microelectronics have spurred interest in the development of reticulated doped polymer
films. Bis (ethylenedioxy) tetrathiafulvalene (BEDO-TTF)/Polycarbonate (PC) films
were synthesized and characterized for use in hand-held real time explosives sensors,
capable of detecting nitro-based compounds (nitroaromatics, nitoamines and nitroesters),
which are the main components of Improvised Explosive Devices or IEDs. Reticulated
doped polymer films were prepared by exposing solid solutions of BEDO-TTF in PC to
iodine to form conductive charge transfer complexes. The resulting films exhibited room
temperature conductivities ranging from 6.33-90.4*10-5 S cm-1. The colored iodine
complexes in the film were reduced by cyclic voltammetry yielding conductive,
colorless, transparent films. Dielectric analysis (DEA) was used to probe relaxations in
neat PC and BEDO-TTF/PC showed that BEDO-TTF plasticized the PC and decreased
the glass transition temperature. Two secondary relaxations appeared in PC films,
whereas the transitions merged in the doped film. DEA also revealed conductivity
relaxations above 180°C, which were characterized by the electric modulus formalism
and showed that BEDO-TTF increased the alternating current, (AC) conductivity in PC.

xiii

CHAPTER ONE:
INDUCTION BASED FLUIDICS: NOVEL MALDI-TOF SAMPLE DEPOSITION
TECHNIQUE FOR ANALYSIS OF BIOLOGICAL MOLECULES

1.1 Introduction
Mass spectrometry has been used in science and industry for decades, and in the last
twenty years it has become an indispensable chemical tool, especially in biological
chemistry. The general principle underlying mass spectrometry is production, separation
and detection of gas phase analyte ions. Traditionally, electron impact (EI) and chemical
ionization (CI) were the preferred methods of generating ions [1, 2]. Both these methods
are useful for highly volatile and thermally stable organic molecules, but they often result
in decomposition and fragmentation of the original molecule, thereby limiting their use.
The low volatility and thermal instability of most biological molecules restricted the use
of mass spectrometry in biological chemistry for many years. The invention of two soft
ionization techniques, Electrospray Ionization (ESI) and Matrix-Assisted Laser
Desorption and Ionization (MALDI) in the late 1980’s has revolutionized mass
spectrometry completely [3, 4]. MALDI was first introduced by Franz Hillenkamp and
Michael Karas in 1985 [5], and in 2002, Tanaka was awarded the Nobel prize in
chemistry for ionizing the large biomolecule carboxypeptidase-A by MALDI using
ultrafine cobalt powder as matrix [6]. Use of MALDI coupled with a Time of Flight
(TOF) mass analyser allows rapid analysis of large, non-volatile, labile molecules and
1

synthetic polymers of molar mass greater than 150,000 Daltons without any degradation
[7]. Today MALDI-TOF mass spectrometry is widely used for analysis of variety of
compounds, including DNA, RNA, proteins, peptides, synthetic polymers and other
macromolecules.
In MALDI-TOF, the analyte is co-crystallized with a small UV-absorbing organic
molecule (matrix), usually containing an acidic functional group, and deposited on a
sample support (coated steel plate). The co-crystals are then irradiated with a pulsed UV
laser beam (usually N2 laser with a wavelength of 337 nm). The laser energy is absorbed
by the matrix, which transfers energy and a proton to the analyte which is expelled from
the sample as an unfragmented gaseous (M+H)

+

ion. The charged gas phase ions are

accelerated to a fixed kinetic energy (E) in an electrostatic field, and directed into flight
tube. The ions travel with different velocities (v) and reach the detector according to the
mass-to-charge ratios. In contrast to ESI, which produces a distribution of ions containing
different numbers of

protons (e.g., (M+2H)2+ , (M+3H)3+, MALDI-TOF generates

primarily the singly-charged (M+H)+ ions, thereby facilitating easy determination of
parent ions from the resulting spectrum without any further processing [8].
In addition to providing a means to obtain mass spectra of large molecules, MALDI-TOF
has the advantage of high speed of analysis, ease of use, relatively low equipment cost
and simple spectra. Therefore, MALDI-TOF mass spectrometry has become a popular
method in proteomics and polymer characterization, and recently several research groups
have reported application of MALDI-TOF-MS for quantification of a variety of
biomolecules originating from various sample types [9-16].

2

Although co-crystallization of the analyte with the matrix is essential for the MALDI
ionization process, choice of matrix and sample preparation are the principal causes of
poor reproducibility in quantitative studies. Non-homogenous distribution of analyte and
matrix across the target surface results in formation of regions where the analyte signal is
intense (hot spot formation), whereas at other places of sample no analyte signals can be
observed [17-20]. This phenomenon of hot-spot formation cannot be predicted and is
mainly dependent on the sample preparation method. Hence there is a need for an
efficient sample preparation method for improving reproducibility and sensitivity of
MALDI-TOF signals for performing quantitative studies.
Sample preparation for MALDI-TOF is usually performed by dried-droplet method, in
which a small volume of analyte is deposited in the matrix solution [21]. The resulting
mixture is then air dried at room temperature and atmospheric pressure to yield a
crystalline layer. In order to improve reproducibility and sensitivity of MALDI-TOF for
quantitative applications, various deposition methods have been developed over the years
that focus on obtaining a homogeneous crystalline layer , including nebulized spray
coating [22, 23], electrospray deposition [24], automated acoustic deposition [25],
pneumatic spraying [26], spray droplet deposition [27], piezo-electric based deposition
[28] and vapor deposition coupled with matrix recrystallization [29]. All these sample
preparation methods have led to an improvement in reproducibility and sensitivity of
MALDI.
To further improve sample preparation methods for enhancing the sensitivity and
reproducibility of MALDI-MS for quantitative applications, Tu and co-workers have
reported a novel sample preparation method to deposit nanoliter volumes of an intact
3

protein, bradykinin, using an Induction-based fluidics (IBF) technique [30]. This
nanoliter delivery device, patented by Andrew Sauter, utilizes electric induction principle
to dispense and kinetically launch nanoliter or microliter volumes of liquids to targets in a
contact-free manner. In IBF, the liquid droplet is inductively charged while passing
through an electric field. As compared to ESI, IBF does not involve any faradaic
processes. The main significance of IBF Nanoliter is that it incorporates a charge on the
surface of the analyte solution without involving electrochemistry. The next paragraph
gives a detailed description of the instrumentation and working principle of IBF
nanoliter.

Figure 1.1. Instrumentation of Induction Based Fluidics. (1) Stepper motor controller; (2)
Nanoliter induction power unit; (3) Stepper motor; (4) Nanoliter LLC programmable
inductor; (5) Syringe with fused silica needle (6) Stage (modified from Hilker B, Clifford
KJ, Sauter AD, Jr., Sauter AD, III, Gauthier T, and Harmon J P. Polymer
2009;50(4):1015-1024.)
The nanoliter device, as shown in Fig. 1.1 consists of a stepper motor controller, nanoliter
induction power unit, stepper motor, inductor, syringe, and a stage. Using the
4

programmable digital syringe controller, known low volumes of liquid (picoliter to
nanoliter range) can be delivered for a digitally set period of time. IBF can impart a
charge on the surface of the droplet. Under the influence of an applied electric field,
neutral molecules having dipoles rotate until they are aligned with the electric field,
forming transient electrets structure. The sample becomes polarized and positive charge
is induced on the surface of the droplet. This charge is directly proportional to the surface
area of the droplet which has been subjected to applied electric field. Earlier studies also
reported that an induced electric field has the advantage of increasing the solubility of
binary, polymer-solvent and polymer-polymer solutions [31, 32]. The induced electric
field may avoid segregation of the analyte from the matrix, resulting in uniform and
homogenous deposition. In the IBF, the optimized number of delivery cycles required to
develop a droplet of suitable volume is controlled using a Nippon motion checker with
bipolar constant voltage, which is connected to a stepper motor. The pressure to the
pipette is controlled precisely through a step-motor regulator, and is reported digitally for
easy repetition. The positive pressure allows the user to eject a precise amount of fluid
and to create a balance pressure to prevent backflow into the quartz delivery tube
following an injection. The small tip of the quartz tube, allows for accurate and
repeatable injections of down to the picoliter range. Thus, IBF employs an electric field
that can; 1) kinetically launch drops to targets of all types; 2) direct the liquid in flight to
its target; and 3) provide uniform and homogenous deposition of samples. It simply
follows the physics of the flowing laminar system. The volume dispensed is described by
the Hagen–Poiseuille equation as follows [33]:
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(Eq.1.1)
In this method the drop is charged (q) using an electric field (E). Upon charging, the
liquid droplet experience the electric field (qE) due to induction, analogous to the gas
phase ions that experience force qE in mass spectrometers [34, 35]. A charged drop
experiences not only the force qE, but also different forces from the atmosphere in x, y,
and z space. Using Newton’s second law, the total force (electric, drag, buoyancy,
gravity and coulombic) acting on a drop in the x direction is given as:
Fx = m (ax) = m (dvx/ dt) = Felec + Fdrag+ Fbuoy+ Fgrav+ Fcoul

(Eq.1.2)1

Similarly force equations can also be derived for the y and z co-ordinates. Thus, by
calculating Fy and Fz we can actually calculate and precisely control the trajectory of a
charged drop. In comparison with traditional methods, this technique dispenses liquids
rapidly with user-specified volumes without any complicated operation and with high
efficiency.
Tu et.al observed that nanoliter deposition of equimolar concentrations of bradkynin and
ionic liquid matrices using IBF resulted in improvement of both MALDI sensitivity (tenfold) and reproducility (five-fold) [30]. They also found that for the same spot size, IBF
deposition resulted in 40% increase in signal-to-noise ratio (S/N) over Micropipette (MP)
deposition using conventional solid matrices. In 2009, Brent Hilker from our laboratory
showed that IBF depositions resulted in increase in S/N for synthetic polymers, such as
polystyrene (PS), polymethyl methacrylate (PMMA) and polyethylene glycol (PEG) over
a mass range of 2500-92000 Da [36]. He also found that IBF depositions result in a
1

http://www.nanoliter.com/technology.htm
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dramatic change in surface morphology of polymer samples as compared to MP
depositions.
In order to investigate the IBF depositions for enhancing S/N of MALDI-TOF, we have
applied this sample preparation method to trypsin digested Bovine Serum Albumin
(BSA). Using this technique, we investigated : 1) the enhancement in S/N for different
spot size (25, 50, 100, 250 and 500 nL depositions) of BSA; 2) a comparison of S/N ratio
for IBF and MP depositions of same spot size (250 and 500 nL); 3) effect of
concentration (0.5 and 0.25 pmol/μL of BSA) on S/N for IBF and MP depositions; and 4)
changes in S/N for IBF and MP depositions using α-cyano-4-hydroxycinnamic acid
(CHCA) and 2,5-dihydroxybenzoic acid (DHB ) matrices. Furthermore, we extended our
studies to explore the IBF technique to characterize a lipid, galactocerebrocide, using a
gold nanoparticle and DHB matrix. We also compared the surface morphologies of IBF
and MP deposits, which may provide an insight into the enhanced homogeneity achieved
by IBF over MP.
1.2. Experimental
1.2.1 Samples and reagents
MALDI-TOF analysis was carried out on digested Bovine Serum Albumin (BSA) and
Galactocerebrocide samples deposited using IBF and conventional MP techniques.
Digested Bovine Serum Albumin and Galactocerebrocide were purchased from BrukerMichrom Inc. (Auburn, CA, USA) and Avanti Polar Lipid Inc. (Alabaster, Alabama,
USA), respectively. MALDI-TOF matrices, α-cyano-4-hydroycinnamic acid (CHCA),
2,5-dihydroxybenzoic acid (DHB) (Fig. 1.2) were purchased from Sigma-Aldrich
(St.Louis, MO, USA), whereas gold nanoparticle matrix was purchased from
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nanoComposix (SanDiego, CA, USA). CHCA and gold nanoparticle matrix were used
without further purification, whereas DHB was recrystallized from deionized water.
Trifluoroacetic acid (TFA) was purchased from Sigma Aldrich (St. Louis, MO, USA).
Water and acetonitrile were purchased from Honeywell (Morristown, New Jersey, NJ).
The peptide calibration standard (part # 206195) was obtained from Bruker Care online
(Fahrenheitstr, Bremen, Germany). Polyimide coated fused silica capillaries (170µm
O.D.) required for the IBF nanoliter were purchased from Hamilton (Reno, Nevada,
USA). Aqueous gold nanoparticles of 5 and 20 nm sizes were obtained from Nanocs
(Wayne, Pennsylvania, USA).

Figure 1.2. Molecular structure of MALDI-TOF
4hydroxycinnamic acid; (b) 2,5-dihydroxybenzoic acid.

matrixes:

(a)

α-cyano-

1.2.2 Sample Preparation
Commercially available trypsin digested Bovine Serum Albumin was diluted to form a
1pmol/µL stock solution using 500µL of 2% acetonitrile/0.1%TFA. The BSA stock
solution was further diluted to make 0.5 and 0.25 pmol/µL solutions. CHCA, DHB and
gold nanoparticles were employed as matrices. The BSA stock solutions were mixed at
1:1 (vol/vol) ratio with saturated matrix solutions to give final spotting solution.
Saturated matrix (CHCA and DHB) solutions were prepared by dissolving in 1:1
ACN/H2O containing 0.1% TFA whereas gold nanoparticle matrix was used without
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further dilution. The spotting solutions were then deposited onto the MALDI target in
sizes ranging 25-500 nL using IBF nanoliter and 250-500 nL using the conventional MP
technique.
Galactocerebrocide used in this study was dissolved in isopropanol at 0.1mg/mL.
Aqueous gold nanoparticle (40 nm, 1mg/mL) and saturated DHB were investigated as
matrices to characterize galactocerebrocide deposited on MALDI plate using IBF and
MP. Spotting solutions for MALDI-TOF were prepared by mixing galactocerebrocide
solutions at a 1:1 ratio with matrix solutions. The samples were then deposited on a
MALDI plate in sizes ranging 25-500 nL using IBF and 250-500 nL using the
conventional MP technique.
1.2.3 MALDI-TOF Mass Spectrometry
Digested Bovine Serum Albumin and Galactocerebrocide samples were deposited on a
MALDI plate using IBF in sizes ranging 25-500 nL and by MP 250 and 500 nL. A
Bruker Autoflex mass spectrometer (Bruker Daltonik GmbH, Bremen, Germany)
equipped with nitrogen laser (337 nm) was operated in the reflectron positive ion mode to
collect data. The Bruker mass spectrometer was kept at an acceleration voltage of 20 kV,
electronic gain 50 mV (enhanced) and pulsed ion extraction of 50 ns for all
measurements. For each spot of BSA on the MALDI plate, the spectrum was generated
from 1000 shots whereas 250 laser shots were used for generating the spectrum for each
spot of galactocerebrocide deposition. The mass spectrometer was operated at a fixed
laser power of 45% for the CHCA matrix and 55% for DHB and gold nanoparticle
matrices. For each BSA deposition, the spectrum was recorded over a mass range of 800-
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2500 whereas a mass range of 150-3000 was employed for generating the MALDI -TOF
spectra for galactocerebrocide depositions.
1.2.4 Calibration of MALDI-TOF MS
External and Internal calibration were performed to increase the mass accuracy. In
MALDI-MS a standard mixture containing known peptides is used for external
calibration of peptides. In external mass calibration, the mass spectrum of the standard
peptide calibration mixture was acquired and then calibrated with the corresponding
monoisotopic masses of the peptides in the calibration mixture and then the spectrum of
the actual sample was obtained under the same conditions.
For external mass calibration, Bruker’s standard peptide calibration mixture consisting of
AngiotensinII, Angiotensin I, Substance P, Bombesin, ACTH (1-17),ACTH (18-37) and
Somatostatin 28 was dissolved in 125 µL 0.1% TFA solution and then mixed in a 1:1
ratio with CHCA solution (10mg/mL) in ACN/0.1%TFA. A 0.5µL aliquot of this mixture
was applied on MALDI plate and dried at room temperature. The spectrum was collected
over a mass range of 1000-3500 Da using 40% laser intensity and 200 laser shots. After
acquiring the mass spectrum, internal calibration was carried out with four digested BSA
peptides:

YLYEIAR(m/z927.50),

LGEYGFQNALIVR

(m/z1479.77),

KVPQVSTPTLVEVSR (m/z1639.90), RPCFSALTPDETYVPK3:Carboxymethyl (C)
(m/z 1881.80).
1.2.5 Induction Based Fluidics Nanoliter
IBF is a novel technique for dispensing nanoliter volumes of solution by electrokinetic
means. It was purchased from Nanoliter, LLC (Henderson, NV, USA). As shown in
10

Figure 1.1, nanoliter consists of a stepper motor, inductor, programmable digital power
unit, syringe holder and a stage. The device holds a 10 µL Hamilton syringe with a fused
silica capillary needle. After the growth of a desired volume of analyte on the capillary
tip, the needle was energized to charge the drop and launch onto the MALDI plate.
Nanoliter spots of analyte samples ranging from 25-500 nL were deposited on the
MALDI plate using IBF.
1.2.6 Cross- polarization images
Images of all sample spots deposited by IBF and MP were obtained using a LEICA
DMRX cross–polarization microscope equipped with a LEICA DCF 290 camera. In
cross-polarization microscopy, when a birefringent material is placed between the
polarizer and analyzer, the incident light wave splits into two rays as it passes through
the sample. The ray which travels out of the specimen unchanged is called the ordinary
ray whereas the refracted ray is called the extraordinary ray .After passing through the
birefringent material these two waves (out of phase) combine via constructive
interference to give contrast colored images.
Samples were deposited on a glass slide using the IBF and MP technique, and images
were acquired in transmission mode. These images were processed using Leica
Application suite 3.1 software. These images revealed the morphological changes in the
analyte crystals obtained by IBF and MP depositions.
1.2.7 Transmission Electron Microscopy (TEM) of Gold Nanoparticles
TEM images were recorded using a Morgagni transmission electron microscope
operating at 110kV accelerated voltage. The microscope was equipped with a Megaview
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II digital camera. To obtain TEM images, an aqueous dispersion of gold nanoparticles (5
and 20 nm) was deposited on 200 mesh copper grids coated with Carbon-formvar.
Nanoliter deposition of analyte samples ranging from 25-500 nL were made via IBF,
while 250 and 500 nL deposition of analyte sample was performed using conventional
MP method in order to compare the two deposition methods.
1.3 Results and Discussion
MALDI-TOF has been successfully used for qualitative analysis of complex analyte
mixtures but lack of quantitative determination has restricted its use. Quantification
requires that the instrument have adequate reproducibility and sensitivity. A significant
amount of variability in the MALDI signal is often observed when the same sample is
analyzed repeatedly. These variations are often associated with the sample preparation
methods involved. Over the past decade, several new sample preparation methods have
been developed to overcome these limitations. Herein, we describe a new sample
preparation method for MALDI which utilizes the IBF technique to deposit a small
volume of sample (nL to µL range) on the MALDI plate. Previous work by Tu et.al has
demonstrated IBF based nanoliter to be an effective device in enhancing the sensitivity
and reproducibility of MALDI-TOF for quantitative applications [30]. Tu demonstrated
that a higher S/N ratio was achieved when low volumes of analyte (nL) were deposited as
compared to conventional spots (µL). The present study investigates sample preparation
and deposition methods and also discusses the influence of several important parameters,
including deposition size/volume, concentration of analyte, surface morphology, laser
intensity, matrix selection and evaporation rate.
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1.3.1 Effect of Spot size on Signal-to-noise ratio enhancement using IBF deposition
In order to investigate the IBF technique for MALDI sample preparation, we first
attempted to study the relationship between spot size and S/N ratio for 0.5 and 0.25
pmol/µL BSA using CHCA as matrix. Although the nanoliter device can deliver volumes
in the picoliter regime, we chose to deposit 25, 50, 100, 250 and 500 nL volumes. The
MALDI spectrum of 0.5 pmol/µL BSA in CHCA (Fig. 1.3) shows peptides
corresponding to m/z 927.50, 1017.59, 1170.64, 1139.80, 1249.65, 1420.64 and 1639.90.
Fig. 1.4 shows the comparison of S/N ratio, for these selected peaks obtained at different
deposition volumes of 0.5 pmol/µL BSA in CHCA. It can be clearly seen that for each
peak, the S/N ratio increases as deposition volume decreases. IBF has the ability to
concentrate analyte in a nanoliter spot, which occupies a smaller planar area resulting in
uniform distribution of crystals, thereby reducing sample crystal heterogeneity and
improving laser sampling. Since the nL deposition generates highly concentrated and
uniform spots, the probability of generating ions of interest increases when the laser is
fired at different locations. Hence, there should be fewer areas on the target plate devoid
of analyte, thereby reducing noise significantly and increasing the S/N. Table 1.1 shows
the relative percent change in IBF S/N ratio for different deposition volumes for 0.5
pmol/µL BSA compared to the IBF S/N obtained using a 500nL deposition volume.

Compared to 500nL IBF deposition, 25nL deposition by IBF leads to signal enhancement
of peptides corresponding to m/z 927.50, 1017.59, 1170.64, 1639.90, 1139.80, 1249.65
and 1420.64 by 182.53, 587.06, 241.54, 250.93, 302.38, 201.32 and 114.36 percent,
respectively. As the deposition volume increases there is a decrease in S/N enhancement
with respect to the 500 nL deposition.
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After determining that small nL depositions of 0.5 pmol/µL BSA in CHCA by IBF lead
to S/N enhancement, we investigated changes in S/N ratio with 0.25 pmol/µL BSA in
CHCA. Table 1.2 shows the relative percent change in IBF S/N for different deposition
volumes of 0.25 pmol/µL BSA compared to the IBF signal obtained at 500 nL deposition
volume. As anticipated, the results follow the trend similar to 0.5 pmol/µL IBF
depositions of BSA. As shown in Fig. 1.5, 25 nL IBF deposition gives better S/N and the
S/N enhancement decreases with increase in spot size.

Figure 1.3. MALDI-TOF spectrum for 25 nL deposition of 0.5 pmol/µL BSA in CHCA
using the IBF technique
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Figure 1.4. Comparison of S/N ratio of 0.5 pmol/µL BSA in CHCA for selected m/z with
different deposition volumes using the IBF technique.
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Table 1.1. Change in S/N ratio of 0.5 pmol/µL BSA in CHCA for selected m/z for
different deposition volumes using the IBF technique.
Peak
927.5

1017.59

1170.64

1639.90

1140.47

1249.65

1420.64

Deposition Volume
(nL)
25
50
100
250
500
25
50
100
250
500
25
50
100
250
500
25
50
100
250
500
25
50
100
250
500
25
50
100
250
500
25
50
100
250
500

S/N (IBF)
532.49
421.52
387.93
238.49
188.47
184.34
95.92
86.78
50.81
26.83
231.02
158.99
127.82
79.78
67.64
581.25
443.61
343.74
232.18
165.63
11.79
6.94
5.83
3.82
2.93
102.36
65.98
48.94
40.41
33.97
44.78
28.53
19.03
22.77
20.89
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% Change in S/N w.r.t 500 nL
deposition
182.53
123.65
105.83
26.54
587.06
257.51
223.44
89.37
241.54
135.05
88.97
17.94
250.93
167.83
107.53
40.17
302.38
136.86
98.97
30.37
201.32
94.23
44.06
18.95
114.36
36.57
-8.90
8.99

Figure 1.5. Comparison of S/N ratio of 0.25 pmol/µL BSA in CHCA for selected m/z
with different deposition volumes using the IBF technique.
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Table 1.2. Change in S/N ratio of 0.25 pmol/µL BSA in CHCA for selected m/z for
different deposition volumes using the IBF technique.
Peak
927.5

1017.59

1170.64

1639.90

1140.47

1249.65

1420.64

Deposition Volume
(nL)
25
50
100
250
500
25
50
100
250
500
25
50
100
250
500
25
50
100
250
500
25
50
100
250
500
25
50
100
250
500
25
50
100
250
500

S/N (IBF)
337.45
290.78
271.36
245.26
215.50
78.98
62.65
54.96
42.49
27.20
122.83
104.89
95.61
81.45
72.97
401.56
316.22
299.15
215.21
134.27
12.8
11.32
9.44
4.62
N/A
61.29
63.57
57.62
56.60
45.19
28.52
28.12
26.19
27.70
15.94
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% Change in S/N w.r.t 500 nL
deposition
56.58
34.93
25.92
13.8
190.36
130.13
102.05
56.21
68.32
43.74
31.02
11.62
199.06
135.51
122.79
60.28
177.05
145.02
104.32

35.62
40.67
27.50
25.24
78.92
76.41
64.30
73.77

1.3.2 Comparison of IBF and MP Deposition Techniques
To compare the S/N ratio arising from the IBF and conventional MP techniques, we
chose to deposit 250 and 500 nL volumes of 0.5 and 0.25 pmol/µL BSA solutions using
CHCA as the matrix. As seen in Fig. 1.6 and Fig. 1.7, for sample spots containing the
same deposition volume and same concentration, IBF deposition shows significant
enhancement in S/N as compared to the conventional MP method. Table 1.3 and Table
1.4 show the relative S/N enhancement of IBF depositions over equivalent MP
depositions for 0.5 and 0.25 pmol/µL BSA solutions. For 250 nL BSA (0.5 pmol/µL)
deposition by IBF and MP, IBF showed S/N enhancement of 241.46, 392.32 and 220.70
percent for peaks corresponding to m/z 1017.59, 1639.90 and 1420.64 respectively.
These results prove that the IBF technique is better than the conventional MP method.
IBF gives more compact and homogeneous crystallization whereas the MP methods yield
sporadic and non-reproducible deposition. MP deposition does not yield a uniform
distribution of analyte and matrix on the target, leading to formation of regions on the
target surface that have intense analyte signal (hot spots) relative to other positions on the
target. The droplet diameter by IBF deposition is uniform, resulting in improved surface
morphology and MALDI spectra. MP deposition is not favorable for high quality spectra,
due to uneven deposition of analyte and matrix.
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Figure 1.6 continued …..

Figure 1.6. Comparison of S/N ratio of 0.5 pmol/µL BSA in CHCA for selected m/z with
250 and 500 nL deposition volumes using the IBF and MP methods.

Table 1.3. Change in S/N ratio of 0.5 pmol/µL BSA in CHCA for selected m/z for 250
and 500 nL deposition volumes using the IBF and MP methods.
Peak
927.50
1017.59
1170.64
1639.90
1249.65
1420.64

Deposition
Volume (nL)
250
500
250
500
250
500
250
500
250
500
250
500

S/N (IBF)

S/N (MP)

238.49
188.47
50.81
26.83
79.78
67.64
232.18
165.63
40.41
33.97
22.77
20.89

94.30
73.27
14.88
9.43
28.86
17.53
47.16
54.69
12.91
10.76
7.10
6.99
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% Change in S/N w.r.t equivalent
MP deposition
152.90
157.22
241.46
184.51
176.43
285.85
392.32
202.85
213.01
215.70
220.70
198.85

Figure 1.7. Comparison of S/N ratio of 0.25pmol/µL BSA in CHCA for selected m/z
using the IBF and MP methods.
Table 1.4. Change in S/N ratio for 0.25 pmol/µL BSA in CHCA for selected m/z and
different deposition volumes using the IBF and MP methods.
Peak
927.50
1017.59
1170.64
1639.90
1249.65
1420.64

Deposition
Volume (nL)
250
500
250
500
250
500
250
500
250
500
250
500

S/N (IBF)

S/N (MP)

245.26
215.50
42.49
27.20
81.45
72.97
215.21
134.27
56.60
45.19
27.70
15.94

84.63
132.31
12.20
16.95
23.29
33.21
75.34
78.54
16.62
21.75
10.80
9.82
21

% Change in S/N w.r.t equivalent
MP deposition
189.80
62.87
248.27
60.47
249.72
119.72
185.65
70.95
240.55
107.77
156.48
62.32

1.3.3 Effect of BSA concentration on S/N Ratio for IBF Deposition
The concentration of analyte plays an important role in determining S/N ratio. It is
evident from Fig. 1.8 that signal increases with the increase in concentration of BSA
solution using IBF deposition. Table 1.5 compares the signal obtained for 0.5 and 0.25
pmol/µL BSA solutions in CHCA using IBF deposition. For peaks corresponding to
selected m/z 927.50, 1017.59, 1170.59 and 1639.90, 0.5 pmol/µL BSA solution in CHCA
has improved S/N ratio compared to equivalent deposition volume of 0.25 pmol/µL BSA
solution. Increased concentration improves the desorption and ionization of the matrix
and analyte.

Figure 1.8. Comparison of S/N ratio of 0.5 pmol/µL and 0.25pmol/µL BSA in CHCA for
selected peaks using the IBF technique.
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Table 1.5. Effect of concentration on S/N ratio of 0.5 pmol/µL and 0.25 pmol/µL BSA in
CHCA for selected m/z at different deposition volumes using the IBF.
Peak
927.5

Deposition Volume (nL)
25
50
100
250
500
1017.59
25
50
100
250
500
1170.64
25
50
100
250
500
1639.90
25
50
100
250
500

S/N (0.5 pmol/µL, IBF)
532.49
421.52
387.93
238.49
188.47
184.34
95.92
86.78
50.81
26.83
231.02
158.99
127.82
79.78
67.64
581.25
443.61
343.74
232.18
165.63

S/N (0.25 pmol/µL, IBF)
337.45
290.78
271.36
245.26
215.50
78.98
62.65
54.96
42.49
27.20
122.83
104.89
95.61
81.45
72.97
401.56
316.22
299.15
215.21
134.27

1.3.4 IBF deposition of BSA using DHB as matrix
After the finding that IBF deposition of BSA solution using CHCA as the matrix results
in significant S/N enhancement, we investigated another solid matrix, 2,5-dihydroxy
benzoic acid (DHB) to deposit BSA samples using the IBF technique. Studies similar to
IBF deposition of BSA using CHCA were carried out with DHB as matrix. We studied
the effects of spot size, concentration, deposition method, laser intensity and evaporation
rate on S/N ratio using DHB as matrix. In a later section, we compare the effect on S/N
ratio by these two matrices using IBF and MP deposition.
We applied the IBF technique to deposit 25, 50, 100, 250 and 500 nL volumes using
DHB as the matrix. MALDI spectra for 0.5 pmol/µL BSA in DHB (Fig. 1.9) show
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peptides corresponding to m/z 927.50, 1017.59, 1163.64, 1639.90, 1305.72, 1420.64 and
1881.79. Fig. 1.10 and Fig. 1.11 show the comparison of S/N ratio for these selected
peaks obtained at different deposition volume of 0.5 and 0.25 pmol/µL BSA in DHB. It
can be clearly seen that for majority of peaks, S/N ratio increases as deposition volume
decreases. These results are similar to those of the previous study employing CHCA as
matrix. Table 1.6 and 1.7 show the relative percent change in IBF signal for different
deposition volumes for 0.5 and 0.25 pmol/µL BSA compared to the IBF signal obtained
using a 500 nL volume. Compared to 500 nL IBF deposition, 25 nL deposition (0.5
pmol/µL BSA sample) by IBF leads to signal enhancement of peptides corresponding to
m/z 927.50, 1017.59, 1163.64, 1639.90, 1305.72, 1420.64 and 1881.79 by 158.10,
2202.29, 362.71, 3600.73, 4025.46, 1086.10 and 178.40 percent respectively.

Figure 1.9. MALDI-TOF Spectrum for 25 nL deposition of 0.5 pmol/µL BSA in DHB
using the IBF technique
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Figure 1.10. Comparison of S/N ratio of 0.5 pmol/µL BSA in DHB for selected m/z with
different deposition volumes using the IBF technique.
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Table 1.6. Change in S/N ratio of 0.5 pmol/µL BSA in DHB for selected m/z for
different deposition volumes using the IBF technique.
Peak
927.5

1017.59

1163.64

1639.90

1305.72

1420.64

1881.79

Deposition Volume
(nL)
25
50
100
250
500
25
50
100
250
500
25
50
100
250
500
25
50
100
250
500
25
50
100
250
500
25
50
100
250
500
25
50
100
250
500

S/N (IBF)
319.77
300.92
217.66
157.20
123.89
156.88
126.32
55.66
35.34
6.82
498.90
402.81
161.12
90.90
107.82
151.73
146.90
82.51
19.21
4.10
153.88
121.24
28.95
13.23
3.73
354.29
231.39
693.78
105.23
29.87
207.94
149.65
605.80
81.26
74.69
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% Change in S/N w.r.t 500 nL
deposition
158.10
143.89
75.68
26.88
2200.29
1752.19
716.12
418.18
362.71
273.59
49.43
-15.69
3600.73
3482.92
1912.43
368.53
4025.46
3150.40
676.13
254.69
1086.10
674.65
2222.66
252.29
178.40
100.36
711.08
8.79

Figure 1.11. Comparison of S/N ratio of 0.25 pmol/µL BSA in DHB for selected m/z for
different deposition volumes using the IBF technique.
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Table 1.7. Change in S/N ratio of 0.25 pmol/µL BSA in DHB for selected m/z with
different deposition volumes using the IBF technique.
Peak
927.5

1017.59

1163.64

1639.90

1305.72

1420.64

1881.79

Deposition Volume
(nL)
25
50
100
250
500
25
50
100
250
500
25
50
100
250
500
25
50
100
250
500
25
50
100
250
500
25
50
100
250
500
25
50
100
250
500

S/N (IBF)
206.35
172.90
155.34
74.50
97.10
70.10
66.65
34.11
29.08
34.88
277.30
241.40
163.80
140.24
89.82
88.34
157.65
52.12
57.56
46.22
70.34
107.54
39.41
29.83
21.82
157.44
323.94
197.83
102.46
200.17
132.16
101.87
73.60
62.62
51.20
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% Change in S/N w.r.t 500 nL
deposition
112.51
78.06
59.97
-23.27
100.97
91.08
-2.20
-16.62
208.72
168.75
82.36
56.13
91.12
241.08
12.76
24.53
222.36
392.85
80.61
36.70
-21.34
61.83
-1.16
-48.81
158.12
98.96
43.75
22.30

For comparison of the effects on S/N ratio with the IBF and conventional MP deposition
methods, we deposited 250 and 500 nL volumes of 0.5 and 0.25 pmol/µL BSA solutions
using DHB as matrix. As seen in Fig. 1.12 and Fig. 1.13, for sample spots having the
same deposition volume and same concentration, IBF deposition shows significant S/N
enhancement for majority of peaks as compared to the conventional MP method. Table
1.8 and Table 1.9 show the relative S/N enhancement of IBF depositions over equivalent
MP depositions for 0.5 and 0.25 pmol/µL BSA solutions using DHB as the matrix.
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Figure 1.12 continued …..

Figure 1.12. Comparison of S/N ratio of 0.5 pmol/µL BSA in DHB for selected m/z with
250 and 500 nL deposition volumes using the IBF and MP methods.

Table 1.8. Change in S/N ratio of 0.5 pmol/µL BSA in DHB for selected m/z for 250 and
500 nL deposition volumes using the IBF and MP methods.
Peak

Deposition
Volume (nL)

S/N (IBF)

S/N (MP)

% Change in S/N w.r.t equivalent
MP deposition

927.50

250

157.20

44.95

249.72

500

123.89

61.30

102.10

250

35.34

9.72

263.58

500

6.82

61.96

-88.99

250

8.15

3.23

152.32

500

2.93

34.13

-91.41

250

19.21

8.39

128.96

500

4.10

15.74

-73.95

250

13.23

3.42

286.84

500

3.73

138.38

-97.30

250

105.23

74.50

41.24

500

29.87

25.93

15.19

250

81.26

51.56

57.60

500

74.69

18.99

293.31

1017.59

1170.64

1639.90

1305.72

1420.64

1881.79
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Figure 1.13. Comparison of S/N ratio of 0.25 pmol/µL BSA in DHB for 250 and 500 nL
volumes for selected m/z using the IBF and MP methods.
After determining that IBF depositions leads to signal enhancement using DHB as the
matrix, we attempted to study the effect of BSA concentration on the S/N ratio. It is
evident from Fig. 1.14 that signal increases with the increase in concentration of BSA
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solution using IBF deposition. Table 1.10 compares the signal obtained for 0.5 and 0.25
pmol/µL BSA solutions in DHB using IBF deposition. It can be clearly seen that for
majority of peaks, 0.5 pmol/µL BSA solution in DHB showed improved S/N ratios
compared to deposition of an equivalent amount of BSA from a 0.25 pmol/µL solution.
Table 1.9. Change in S/N ratio of 0.25 pmol/µL BSA in DHB for selected m/z for 250
and 500 nL deposition volumes using the IBF and MP methods.
Peak
927.50
1017.59
1163.64
1639.90
1305.72
1420.64
1881.79

Deposition
Volume (nL)
250
500
250
500
250
500
250
500
250
500
250
500
250
500

S/N (IBF)

S/N (MP)

74.50
97.10
29.08
34.88
140.24
89.82
57.56
46.22
29.83
21.82
102.46
200.17
62.62
51.20

62.10
37.90
9.25
7.67
20.88
15.39
8.17
33.77
4.44
4.56
26.43
73.40
19.72
204.03
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% Change in S/N w.r.t equivalent
MP deposition
19.96
156.20
214.37
354.75
571.64
483.62
604.52
36.86
571.84
378.50
287.66
172.71
217.54
-75.03

Figure 1.14 continued …..

Figure 1.14. Comparison of S/N ratio of 0.5 and 0.25 pmol/µL BSA in DHB for selected
m/z for different deposition volumes using the IBF technique.
Table 1.10. Effect of concentration on S/N ratio of 0.5 pmol/µL and 0.25 pmol/µL BSA
in DHB for selected m/z for different deposition volumes using IBF.
Peak
927.5

1017.59

1163.64

1639.90

1881.79

Deposition Volume (nL) S/N (0.5 pmol/µL, IBF)
25
319.77
50
300.92
100
217.66
250
157.20
500
123.89
25
156.88
50
126.32
100
55.66
250
35.34
500
6.82
25
498.90
50
402.81
100
161.12
250
90.90
500
107.82
25
151.73
50
146.90
100
82.51
250
19.21
500
4.10
25
207.94
50
149.65
100
605.80
250
81.26
500
74.69
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S/N (0.25 pmol/µL, IBF)
206.35
172.90
155.34
74.50
97.10
70.10
66.65
34.11
29.08
34.88
277.30
241.40
163.80
140.24
89.82
88.34
157.65
52.12
57.56
46.22
132.16
101.87
73.60
62.62
51.20

1.3.5 Comparison of effect of CHCA and DHB matrix on signal to noise ratio
Another important consideration is the choice of matrix, which serves two important
functions: (1) absorption of laser energy and; (2) elimination of cluster formation of
analyte molecules. The matrix is generally used in excess to prevent analyte molecule
from direct laser hits, thereby preventing fragmentation of the analyte. Matrices differ in
the amount of energy they impart to the analyte after the laser is fired. Hence matrices
differ in the amount of fragmentation that they cause. A good MALDI matrix should
absorb at the chosen laser wavelength and should mix well with analyte to give
homogeneous co-crystallization. Strong absorption at the laser wavelength leads to better
ionization of the analyte. Hence to increase the S/N ratio and prepare a uniform
distribution, the proper choice of the matrix is important. Matrices containing aromatic
moieties usually have sufficient absorption at the laser wavelength (e.g. 337 nm from N2
laser). Fig. 1.15 compares the S/N ratio obtained for 0.5 pmol/µL BSA solution using
CHCA and DHB as matrices. It can be clearly seen that IBF deposition using CHCA
matrix gives improved S/N as compared to equivalent IBF deposition using DHB as
matrix. As compared to 25 nL IBF deposition of

BSA using DHB (Table 1.11),

equivalent deposition of BSA using CHCA matrix shows signal enhancement of 66.53%,
17.53%, 299.65%, 283.12% and 256.80% percent for peaks corresponding to m/z 927.50,
1017.59, 1170.64, 1639.90 and 1881.79, respectively.
The morphological studies of BSA depositions by IBF technique, discussed in next
section, reveal that use of CHCA as the matrix results in more uniform sample
distribution as compared to DHB. As seen in Fig. 1.16, the CHCA matrix makes a
uniform thin layer of small white granular co-crystals where the analyte is detected
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uniformly across the target spot. As seen from Fig. 1.17, DHB has a tendency to form
large needle shaped crystals that do not distribute the analyte homogeneously after
drying. There are fewer “hot spots” where the analyte ions can be detected. There are
more areas on target that are devoid of analyte resulting in lot of noise. Hence IBF
depositions of BSA sample using the CHCA matrix results in higher S/N as compared to
DHB. Because CHCA and DHB provide different S/N among the peptides within the
same sample, the matrix choice can result in detection of different peptides from the same
sample [37].
Laser power also influences the ion signal. In this study, the laser power was optimized
for both DHB and CHCA matrices to obtain optimum MALDI spectrum. Use of
excessive laser power causes fragmentation and noise whereas insufficient power results
in low signal intensity [38]. In addition, at high laser power the flux of ions can saturate
the acquisition system [39]. In this entire study, the laser power was kept 15% above the
ionization threshold for CHCA and 10% above the threshold for DHB.
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Figure 1.15 continued …..

Figure 1.15. Direct comparison of S/N ratio for the IBF deposition of 0.5 pmol/µL BSA
using DHB and CHCA as matrices.
Table 1.11. Change in S/N ratio for IBF deposition of 0.5 pmol/µL BSA in CHCA and
DHB for selected m/z and different deposition volumes.
Peak
Deposition Volume (nL)
S/N (IBF) CHCA
S/N (IBF) DHB
927.5
25
532.49
319.77
50
421.52
300.92
100
387.93
217.66
250
238.49
157.20
500
188.47
123.89
1017.59
25
184.34
156.88
50
95.92
126.32
100
86.78
55.66
250
50.81
35.34
500
26.83
6.82
1170.64
25
231.02
57.08
50
158.99
49.77
100
127.82
6.21
250
79.78
8.15
500
67.64
2.93
1639.90
25
581.25
151.73
50
443.61
146.90
100
343.74
82.51
250
232.18
19.21
500
165.63
4.10
1881.79
25
741.81
207.94
50
870.34
149.65
100
559.55
605.80
250
688.72
81.26
500
753.39
74.69
1.3.6 Morphological studies of IBF and MP Depositions
After acquiring consistent results showing that IBF deposition of BSA leads to S/N
enhancement compared to the MP method, we investigated the surface morphologies of
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these depositions. Reproducibility and sensitivity of MALDI largely depends on
homogeneity of the co-crystallization of analyte with crystalline matrix. Inhomogeneous
distribution, which is related to crystal structure and to the hydrophobicity /
hydrophilicity of the analyte/matrix, often leads to formation of hot spots on the target
surface. This can lead to poor shot-to-shot reproducibility and to sample-to-sample
variation. From Fig. 1.16 A-E, it can be clearly seen that IBF deposition of BSA samples
leads to homogeneous co-crystallization of analyte with CHCA matrix as compared to
equivalent MP deposition (Fig. 1.16 F-G). For sample spots containing the same
deposition volume and the same concentration (e.g. Fig 1.16 D and F; E and G) the
crystals obtained by IBF deposition are compact and homogeneous as compared to those
obtained by conventional MP deposition. Smaller crystal sizes provide better S/N . IBF
deposition of sample avoids the laborious hunt for a “sweet spot” across the target to
yield high quality spectra, resulting in rapid analysis. These results prove that IBF
deposition of BSA in CHCA leads to homogeneous distribution of sample without
aggregation , that offers improved spot- to- spot and sample- to -sample reproducibility.
In comparison to IBF deposition of BSA using CHCA, IBF deposition of BSA in DHB
forms large, needle shape co-crystals (Fig. 1.17 A-E). For sample spots containing the
same deposition volume and same concentration, IBF depositions involving CHCA are
more compact and homogeneous compared to depositions with DHB. This validates our
earlier results that IBF depositions using CHCA as the matrix gives better S/N ratio than
equivalent DHB deposition. When BSA samples containing DHB matrix were deposited
through MP, the crystals get accumulated at edges of the spot whereas interior areas of
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target spot were devoid of co-crystals (Fig. 1.17 F-G). Hence deposition of BSA samples
using DHB showed poor S/N and poor reproducibility.
It has been observed that samples deposited by the IBF technique crystallize more rapidly
than equivalent MP depositions. IBF deposition results in rapid evaporation of organic
solvent, resulting in rapid crystallization as compared to equivalent MP deposition. Rapid
crystallization results in formation of homogeneously distributed small matrix-analyte cocrystals, leading to better desorption and ionization in MALDI. Hence IBF deposition of
samples shows better S/N than equivalent MP deposition.
A

B

D

E

C

F

G

Figure 1.16. Cross polarization images (10x) of 0.5pmol/μL digested BSA in CHCA
matrix for IBF depositions of 25, 50,100,250,500 nL (A-E) and MP depositions of 250,
500 nL (F-G).
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A

D

B

C

E

F

G

Figure 1.17. Cross polarization images (10x) of 0.5pmol/μL digested BSA in DHB
matrix for IBF depositions of 25, 50,100,250,500 nL (A-E) and MP depositions of 250,
500 nL (F-G).

1.3.7 Evaluation of Gold nanoparticles as matrix for analysis of digested BSA and
galactocerebrocides
The improvement in signal acquisition of BSA samples by IBF deposition motivated us
to investigate gold nanoparticles as matrix. An aqueous gold nanoparticle matrix (40 nm)
was employed for depositing 250 and 500 nL of 0.5 pmol/µL BSA samples using the IBF
and MP methods. Unfortunately, no signal was observed for BSA samples using either of
deposition methods but signals corresponding to m/z 196 (Au), 394 (Au2+) and 591
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(Au3+) for the gold nanoparticle matrix were observed. After unsuccessful attempts of
characterizing BSA using gold nanoparticle matrix, we made an attempt to study lipids
such as galactocerebrocides by MALDI-TOF mass spectrometry. As seen in Fig. 1.18,
Galactocerebroside, which is mainly present in brain tissue, is a glycolipid consisting of
ceramide with a galactose residue at the 1-hydroxyl position. Galactocerebrocide is a
major glycosphingolipid of the myelin sheath localized on the outer leaflet of myelin
membrane [40] and accounts for 32% of the myelin lipid content. It is typically found on
the surface of oligodendrocytes of the central nervous system and Schwann cells in the
peripheral system. Galactocerebrocide is important for many biological activities, such as
regulation of oligodendrocytes differentiation , structural stability of the membranes,
regulation of

the high density packing of the bilayer membrane system, cell

differentiation, cell

proliferation and cell agglutination [41-45]. A high content of

galactocerebrocide is usually maintained in the membrane, so that effective nerve
impulse transmission can be regulated.
We investigated the IBF and MP techniques for deposition of galactocerebrocide using
gold nanoparticle and DHB matrix and compared the changes in S/N ratios observed for
both deposition methods. MP deposition of galactocerebrocide using gold nanoparticle
and DHB as matrix allowed detection of cerebrosides, whereas no signal was observed
for equivalent depositions using the IBF technique. It was later found that IBF deposition
disperses the gold nanoparticles.
Fig. 1.19 shows the MALDI-TOF spectra of galactocerebrocide in gold nanoparticle and
DHB matrix for 500nL deposition volume using MP deposition. It was observed that the
gold nanoparticle matrix showed better S/N than equivalent deposition of
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galactocerebrocide using DHB matrix (Fig. 1.20). Table 1.12 shows the comparison of
S/N obtained for galactocerebrocide using gold nanoparticle and DHB matrices.
Observed peaks corresponding to m/z 822, 834 and 850 are characteristics of
galatocerebrocide molecules, whereas peaks corresponding to m/z 750,806 and 866 and
are characteristics of galatocerebrocide with fatty acid residues [46]. IBF deposition of
galactocerebrocide in DHB (Table 1.13) clearly shows that S/N ratio for selected peaks of
galactocerebrocide in DHB increases as deposition volume decreases.

Figure 1.18. Structure of Galactocerebrocide

A
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Figure 1.19 continued …..

B

Figure 1.19. MALDI-TOF Spectrum for 500 nL deposition of 0.05 mg/mL
Galactocerebrocide in (a) DHB and (b) gold nanoparticles matrices using the MP
method.
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Figure 1.20 continued …..

Figure 1.20. Comparison of S/N ratio of 0.05 mg/mL Galactocerebrocide in DHB and
gold nanoparticle matrices for selected m/z and different deposition volumes using the
MP method.
Table 1.12. Change in S/N ratio of 0.05 mg/mL Galactocerebrocide in DHB and gold
nanoparticle matrices for selected m/z for different deposition volumes using MP method.
Peak
750.6
766.5
806.6
834.7
850.7

Deposition Volume (nL)
250
500
250
500
250
500
250
500
250
500

S/N (DHB)
7.72
14.04
10.26
14.19
11.32
10.72
19.03
25.10
17.71
22.47

S/N (AuNP)
19.80
51.98
7.27
28.52
11.49
14.08
58.99
26.05
67.84
24.85

Table 1.13. Change in S/N ratio of 0.05 mg/mL Galactocerebrocide in DHB matrix for
selected m/z for different deposition volumes using the IBF method.
Peak
750.6

766.5

794.6

Deposition Volume (nL)
50
100
250
50
100
250
50

S/N (IBF) DHB
8.35
7.82
7.60
7.86
6.49
6.87
8.58
43

Table 1.13 continued …..
100
250
832.7
50
100
250
834.7
50
100
250
848.6
50
100
250
850.7
50
100
250

6.96
9.67
10.31
8.13
7.98
8.7
7.73
8.28
10.1
8.22
7.84
8.01
6.47
N/A

We also made an attempt to study gold nanoparticle depositions using the IBF and MP
methods. In general, a colloidal solution of gold nanoparticles has a tendency to
aggregate after a certain time period. Aggregation occurs when the Van der Waals force
between the nanoparticles is greater than the electrostatic repulsive force [47].
Aggregation of gold nanoparticles leads to an increase in size [48]. It was also observed
that larger sized gold nanoparticles aggregate more rapidly than smaller sized gold
nanoparticles. Aggregation can be monitored by UV-vis spectrophotometry or by
Transmission electron microscopy. Use of the IBF deposition method reduces
aggregation significantly.
Gold nanoparticles were successfully deposited on a copper grid coated with carbonformvar using both the IBF and MP method at room temperature. Fig. 1.21 and Fig. 1.22
show the TEM images for different deposition volume of 5 and 20 nm gold nanoparticles
by IBF (A-E) and MP (F-G). IBF and MP deposition show significant difference in
morphology of deposited gold nanoparticles. MP deposition of gold nanoparticles leads
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to formation of aggregates, whereas IBF deposition prevents aggregation of these
particles. These findings may be useful in preventing AuNPs aggregation in other
research and commercial applications.

A

B

C

D
A

E
A

F
A

G

Figure 1.21. Transmission Electron Microscopy images of 5nm gold nanoparticles for
IBF depositions of 25, 50, 100, 250, 500 nL (A-E) and MP depositions of 250, 500 nL
(F-G).
A

B
A
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Figure 1.22 continued …..
D
A

E
A

F
A

G
V
G
A

Figure 1.22. Transmission Electron Microscopy images of 20nm gold nanoparticles for
IBF depositions of 25, 50, 100, 250, 500 nL (A-E) and MP depositions of 250, 500 nL (FG).
1.4 Conclusions
The IBF method for sample preparation of MALDI has been found to improve the S/N
ratio of MALDI-TOF. Replicate IBF deposits of the same volume have nearly identical
sizes and occupy a smaller area than those observed when the same volume is deposited
via MP. IBF has the ability to concentrate analyte in nanoliter spot deposition. The
deposited sample occupies less planar area with a large density of “hot spots”, resulting
in uniform distribution of crystals, thereby reducing sample crystal heterogeneity. Small
volume (small size) deposition of samples by IBF results in significant S/N ratio
enhancement as compared to large volume deposition with same concentration. IBF
deposition of sample spots having same deposition volume and concentration shows
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significant enhancement in S/N ratio as compared to equivalent MP deposition. The MP
technique for depositing samples on MALDI targets is time consuming and has limited
sensitivity. On the contrary, IBF offers better S/N.
Examination of the morphology of deposited crystals showed a distinct difference
between IBF and MP depositions. IBF deposition shows improved crystal morphology as
compared to MP deposition. Cross–polarized microscopy showed discontinuous
crystallization patterns for MP depositions caused by the dissimilar rate of evaporation,
deposition thickness, or crystal lattice morphology. IBF deposition results in
homogeneous distribution of matrix-analyte co-crystals across the target spot. IBF
deposition leads to fast evaporation of solvent and effectively minimizes sample
segregation effects. The crystals obtained by IBF are compact and homogenous, resulting
in improved signal strength. Morphological studies also revealed that IBF deposition of
gold nanoparticles (5nm and 20nm) shows a distinct sample distribution as compared to
MP technique. The MP method showed significant aggregation of gold nanoparticles
whereas IBF deposits showed separated gold nanoparticles.
We also found that the CHCA matrix shows better results than DHB for detecting
digested bovine serum albumin. The gold nanoparticle matrix is not a suitable matrix for
detecting digested bovine serum albumin deposited by IBF or MP technique. Also, IBF
deposition of galactocerebrocide showed no signals when the gold matrix was employed.
MP deposition of galactocerebrocide using gold nanoparticles as the matrix shows
improved signal compared to an equivalent deposition of galactocerebrocide in DHB
matrix.
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CHAPTER TWO:
PEPTIDE MASS FINGERPRINTING OF BOVINE SERUM ALBUMIN USING
MALDI-TOF-MS WITH IBF DEPOSITION

2.1 Introduction
Over the past two decades novel techniques in mass spectrometry, have been widely used
in Proteomics, one of the fastest growing fields in biological research. Because of their
central role in biological processes, the study of proteins provides information that is of
great value in drug discovery and for the identification and prevention of diseases. The
development of “soft” ionization techniques in mass spectrometry, Matrix Assisted Laser
Desorption Ionization–Time of Flight (MALDI-TOF) and Electrospray Ionization (ESI),
has completely revolutionized the field of proteomics. The high resolution, mass
accuracy and sensitivity of these methods have enabled rapid identification and
quantification of proteins and peptides. Also, the development of new bioinformatics
software that correlates MS data with protein sequence databases has made protein and
peptide identification a relatively routine task.
There are two major techniques for protein identification: Peptide Mass Fingerprinting
(PMF) and Tandem Mass spectrometry (MS/MS). PMF was developed in the early
1990s by several research groups to identify proteins from proteolytic fragments [1-5].
Initially with the goal of speeding the protein analysis process. Because of the simplicity
of the method, PMF is still widely used for protein identification [6, 7]. As shown in Fig.
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2.1, a typical PMF procedure involves digestion of protein with a protease (e.g., trypsin)
that cleaves it at different predicted locations to give a series of peptide fragments unique
with to the protein. MALDI-TOF-MS or ESI-MS analysis of this mixture generates a
spectrum with a large number of peaks corresponding to masses for each of these
peptides. The measured m/z values are then compared with predicted masses from
protein sequence databases using an automated search engine, such as MASCOT [8]
,SEQUEST [9], or ProFOUND [10].

Figure 2.1. General Peptide Mass Fingerprinting Protocol
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In early 90’s, when peptide databases were small, a match of only three to four peptides
could result in a correct hit with relatively low accuracy mass measurements from
MALDI-TOF. However, the genomic databases have become so large that more stringent
search criteria have been required for protein identification. The second technique for
protein identification, tandem mass spectrometry (MS/MS), is used only when accurate
protein analysis is required. In this method, the protein is digested into short peptides
using proteolytic enzyme. Then the peptide mixture is separated and introduced into the
mass spectrometer using high performance liquid chromatography column coupled to an
ESI. The mass spectrometer performs several scans to identify and select most abundant
peptide ions for analysis by tandem mass spectrometry. Each selected ion (precursor ion)
is then further fragmented with rare gas atoms in collision chamber where the peptide
bond gets cleaved to give a series of product ions. Hence a product ion scan or MS/MS
spectrum is generated where each peptide fragment ions differ in mass by a single amino
acid, thereby allowing identification of complete sequence of the precursor peptide.
When two peptides with different sequences but same molecular weight are to be
identified, tandem mass spectrometry will distinguish the two peptides, whereas peptide
mass fingerprinting can only identify proteins whose sequences are already known, and
cannot handle protein mixtures. Although Tandem (MS/MS) is more accurate, reliable
technique than PMF, it is more expensive and time consuming. The simplicity, speed and
cost-effectiveness make PMF first choice for protein identification.
MALDI-TOF-MS has become a prevalent technique for peptide mass fingerprinting
(PMF), because it produces singly charged ions and shows good tolerance to impurities
and contaminants [11-13] However, sometimes a combination of MS analysis and
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genome database search is unable to detect some target peptide ions due to low ionization
efficiency. This situation may lead to an ambiguity in protein identification. Hence, a
PMF method with improved sequence coverage is required for correct identification of
the protein.
This chapter describes an investigation of whether application of induction based fluidics
deposition can increase the number of matched peptides and sequence coverage for
Bovine Serum Albumin (BSA) by the Peptide Mass Fingerprinting. BSA, a 64.3 kDa
universal reference protein was selected for total protein identification due to its
biological importance. It is also known that choice of matrix can influence sequence
coverage for the same digested protein. Combination of results with different matrices
may give improved sequence coverage, thereby leading to accurate protein identification.
In this study we have compared the sequence coverage obtained by DHB and CHCA
matrices to identify BSA.
2.2 Experimental
2.2.1 Samples and Reagents
Digested BSA was purchased from Bruker-Michrom Inc. (Auburn, CA, USA). The
complete BSA sequence used for this study is shown in Fig. 2.2. MALDI-TOF matrices,
α-cyano-4-hydroycinnamic acid (CHCA) and 2,5-dihydroxybenzoic acid (DHB) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). CHCA was used without any
further purification, whereas DHB was recrystallized to remove excess sodium salt.
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2.2.2 Sample Preparation
Commercially available trypsin digested BSA (1pmol/µL) was diluted to 500µL using
2% acetonitrile/0.1%TFA. Saturated matrix (CHCA and DHB) solutions were prepared
by dissolving matrix in 1:1 ACN/H2O containing 0.1% TFA. The BSA stock solution
was mixed at 1:1 (vol/vol) ratio with the saturated matrix solutions to give final spotting
solution of 0.5pmol/μL and 0.25pmol/μL concentration.
MKWVTFISLLLLFSSAYSRGVFRRDTHKSEIAHRFKDLGEEHFKGLVLIAFS
QYLQQCPFDEHVKLVNELTEFAKTCVADESHAGCEKSLHTLFGDELCKVAS
LRETYGDMADCCEKQEPERNECFLSHKDDSPDLPKLKPDPNTLCDEFKADE
KKFWGKYLYEIARRHPYFYAPELLYYANKYNGVFQECCQAEDKGACLLPKI
ETMREKVLASSARQRLRCASIQKFGERALKAWSVARLSQKFPKAEFVEVTK
LVTDLTKVHKECCHGDLLECADDRADLAKYICDNQDTISSKLKECCDKPLL
EKSHCIAEVEKDAIPENLPPLTADFAEDKDVCKNYQEAKDAFLGSFLYEYSR
RHPEYAVSVLLRLAKEYEATLEECCAKDDPHACYSTVFDKLKHLVDEPQNL
IKQNCDQFEKLGEYGFQNALIVRYTRKVPQVSTPTLVEVSRSLGKVGTRCCT
KPESERMPCTEDYLSLILNRLCVLHEKTPVSEKVTKCCTESLVNRRPCFSAL
TPDETYVPKAFDEKLFTFHADICTLPDTEKQIKKQTALVELLKHKPKATEEQ
LKTVMENFVAFVDKCCAADDKEACFAVEGPKLVV STQTALA
Figure 2.2. Amino acid sequence for Bovine Serum Albumin
2.2.3 Deposition of tryptic digest Bovine Serum Albumin sample onto MALDI plate
Digested BSA-matrix mixture was manually loaded into a 10μL Hamilton syringe. And
subsequently deposited onto MALDI targets using induction based fluidics (IBF) in sizes
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ranging from 25 to 500 nL using IBF and from 250-500 nL using the conventional
micropipette, (MP) technique. The samples were allowed to dry at room temperature.
2.2.4 MALDI-TOF-MS
MALDI-TOF analysis of the digested BSA was performed on a Bruker Autoflex mass
spectrometer (Bruker Daltonik GmbH, Bremen, Germany), using the following operating
conditions throughout the entire study:MALDI spectra were recorded in reflectron
positive mode using a nitrogen laser at 337 nm. The Bruker mass spectrometer was
maintained at an acceleration voltage of 20 kV, using an electronic gain of 50 mV
(enhanced) and pulsed ion extraction of 50 ns for all measurements. For each deposition,
the spectrum was generated from 1000 shots and recorded over a mass range of 8002500.
2.2.5 Data Analysis and protein identification
The mass spectra were processed using Biotools 2.2 software (Bruker Daltonics). In
PMF, processing of the MALDI spectrum drastically affects the outcome of protein
identification. Processing methods involve peak picking, baseline subtraction and
smoothing operations. For the peak picking operation, several parameters, such as signalto-noise (S/N) ratio, minimum intensity threshold, relative intensity threshold and
maximum number of peaks, were optimized using the SNAP (Sophisticated Numerical
Annotation Procedure) peak picking algorithm . SNAP identifies monoisotopic peak for
each isotope pattern in the MALDI spectrum and performs baseline correction and noise
determination. Obtaining a monoisotopic peak in the spectrum is very essential for
peptide mass fingerprinting.
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The MASCOT search engine (Matrix Science, London, UK) was used to search the
SwissProt database. In PMF, it is very important to define the search criteria, which can
affect the protein identification drastically. Search criteria for all the experiments
included no preference for taxonomy, one missed cleavage, trypsin as enzyme, global
modification as carboxymethyl, variable modification as oxidation of methionine and
mass tolerance of 0.5 Da. Missed cleavage of one is usually used because a higher
number of missed cleavages may significantly increase the number of random matches.
The digested BSA MALDI mass spectrum was externally calibrated by Angiotensin II,
Angiotensin I, Substance P, Bombesin, ACTH Clip 18-37, whereas internal calibration
was performed with four known digested BSA peptides : YLYEIAR (m/z 927.50),
LGEYGFQNALIVR(m/z

1479.77),

KVPQVSTPTLVEVSR

(m/z

1639.90),

RPCFSALTPDETYVPK3: Carboxymethyl (C) (m/z 1881.80). The experimental masses
of the peptides (m/z) obtained were then compared with the theoretical peptide masses in
the database. Fig. 2.3 shows the mascot search parameters for peptide mass
fingerprinting.
The results of the MASCOT search are displayed as a histogram of top scores. Scoring is
based on the number of match peptides between the experimental spectrum and
theoretical entry in the database. The most intense peaks observed in the spectrum should
correspond to the peptides of the identified protein. Unmatched peptide mass peaks may
occur due to several reasons, including tryptophan oxidation, methylation of aspartic
acid, and the presence of glutamic acid-rich peptides.
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Figure 2.3 Mascot Search for obtaining Peptide Mass Fingerprinting of tryptic digested
BSA.
2.3 Results and Discussion
Rapid high-throughput analysis of digested protein samples using PMF has made the
entire protein identification process easy and cost-effective. Although PMF has
developed significantly, sometimes the combination of database search and MALDI60

TOF-MS is not able to identify a protein. One of the best approaches to make PMF more
robust is to identify as many peptides as possible in the MALDI-TOF spectrum of the
protein digest. The main goal of this work is investigation of a new MALDI sample
preparation technique that utilizes induction based fluidics to deposit samples for PMF
analysis. In this study, we also compared the IBF and MP methods to determine which
method generates a greater number of detectable peptides and produces the highest
sequence coverage from for improved protein identification. This study also discusses the
effect of deposition size and matrix on the number of peptides detected and sequence
coverage for PMF of BSA.

Figure 2.4. Matched peptide sequences identified (Red) for 25 nL IBF deposition for 0.5
pmol/μL digested BSA in CHCA matrix
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After determining that IBF deposition leads to increased S/N ratios, we attempted to
study whether IBF deposition of digested BSA samples results in improved PMF. Fig 2.4
shows the peptide sequences identified for 25 nL IBF deposition of 0.5 pmol/μL BSA in
CHCA. Table 2.1 shows the number of matched peptides and sequence coverage for 0.5
and 0.25 pmol/µL digested BSA in CHCA using both the IBF and MP techniques. It can
be clearly seen that IBF deposition leads to a significant increase in the number of
detectable peptides as well as increased sequence coverage. The MALDI spectrum
obtained by IBF deposition of samples was of high quality with less background noise
compared to MP. There was no trend observed between spot size and number of matched
peaks for IBF deposition. Comparing 25, 250 and 500 nL IBF deposition of 0.5 and 0.25
pmol/µL digested BSA in CHCA, it was observed that a smaller spot size (25 nL)
deposition resulted in large number of detectable peptides as compared to 250 and 500 nL
deposition. The 25 nL deposition of 0.5 pmol/µL BSA in CHCA shows 23 matched
peptides whereas the 500 nL deposition shows only 16 peptides. As mentioned in chapter
one, IBF has the ability to concentrate analyte in nanoliter spot deposition. IBF
deposition leads to uniform distribution of crystals, thereby reducing sample crystal
heterogeneity and resulting better desorption and ionization of peptide ions. Hence a
large number of peptides can be detected, leading to a significant improvement in peptide
mass fingerprinting of digested BSA. A similar trend was observed when DHB was used
as the matrix. Table 2.2 shows the number of matched peptides and sequence coverage
for 0.5 and 0.25 pmol/µL digested BSA in DHB using the IBF technique.
Comparison of IBF and MP depositions using CHCA and DHB as matrices for analysis
of BSA tryptic digest showed that IBF deposition allowed detection of more peptides
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than equivalent micropipette deposition. As seen from Table 2.2, IBF deposition of 250
nL BSA in DHB (0.5 pmol/µL)

shows 19 matched peptides whereas equivalent

micropipette deposition showed only 10 matched peptides. IBF deposition gives more
compact and homogeneous crystallization resulting in better desorption and ionization of
the matrix-analyte, whereas micropipette yields sporadic and non-reproducible
deposition. These results prove that IBF technique significantly improves peptide mass
fingerprinting, thereby leading to more accurate protein identification.
Table 2.1. Number of matched peptides detected during PMF for 0.5 and 0.25 pmol/µL
digested BSA in CHCA.
Deposition
Volume (nL)

Analyte Conc.
(pmol/μL)

Deposition
Method

% Sequence
Coverage

IBF

Number of peptides
matched /searched
(CHCA)
23/65

25

0.5

50

0.5

IBF

18/50

32.3

100

0.5

IBF

16/42

32.3

250

0.5

IBF

19/55

38.9

500

0.5

IBF

16/44

39.9

250

0.5

MP

15/51

32.1

500

0.5

MP

14/51

28.7

25

0.25

IBF

20/49

39.2

50

0.25

IBF

20/51

36.4

100

0.25

IBF

22/55

42.0

250

0.25

IBF

20/48

37.2

500

0.25

IBF

17/36

30.6

250

0.25

MP

13/23

22.1

500

0.25

MP

12/38

23.7
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41.8

Table 2.2. Number of matched peptides detected during PMF for 0.5 and 0.25 pmol/µL
digested BSA in DHB.
Deposition
Volume (nL)

Analyte Conc.
(pmol/μL)

Deposition
Method

% Sequence
Coverage

IBF

Number of peptides
matched /searched
(DHB)
22/40

25

0.5

50

0.5

IBF

23/49

42.8

100

0.5

IBF

22/48

45.1

250

0.5

IBF

19/39

37.4

500

0.5

IBF

10/25

18.8

250

0.5

MP

10/34

18.3

500

0.5

MP

13/22

23.6

25

0.25

IBF

20/34

36.4

50

0.25

IBF

21/49

42.8

100

0.25

IBF

17/39

27.2

250

0.25

IBF

21/42

35.7

500

0.25

IBF

18/36

30.6

250

0.25

MP

16/22

28.0

500

0.25

MP

12/23

22.1

39.2

During this study, it was observed that different sequence coverage and peptide matches
were obtained when same digested BSA protein was analyzed using DHB and CHCA
matrices. Some peptides were detected with CHCA matrix but not with the DHB and
vice-versa. Table 2.3 shows the matched peptide sequences obtained during peptide mass
finger printing of digested BSA protein using CHCA and DHB matrix.
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Table 2.3. Matched Peptide sequences observed during PMF of digested BSA using
CHCA and DHB matrix.
m/z

Amino
Position

acid Missed
Cleavage

789.374
817.489
818.419
847.504
899.465
922.488
927.49
974.458
1002.583
1140.466

257-263
452-459
562-568
242-248
483-489
249-256
161-167
37-44
598-607
499-507

0
1
0
1
0
0
0
0
0
0

1142.714
1163.616
1193.602
1249.621
1283.652
1305.701
1405.519

548-557
66-75
25-34
35-44
361-371
402-412
198-209

1
0
1
1
0
0
1

1420.644
1439.8
1444.626
1479.794
1534.702

89-100
360-371
286-297
421-433
289-309

0
1
0
0
1

1546.895
1567.743
1639.903
1725.751
1881.799
1908.784
1930.755

400-412
347-359
437-451
469-482
508-523
529-544
581-597

1
0
1
0
0
0
1

2020.794
2116.66

139-155
264-280

1
1

Sequence

LVTDLTK
SLGKVGTR
ATEEQLK
LSQKFPK
LCVLHEK 2: Carboxymethyl (C )
AEFVEVTK
YLYEIAR
DLGEEHFK
LWSTQTALA
CCTESLVNR 1: Carboxymethyl (C) 2:
Carboxymethyl (C )
KQTALVELLK
LVNELTEFAK
DTHKSEIAHR
FKDLGEEHFK
HPEYAVSVLLR
HLVDEPQNLIK
GACLLPKIETMR 11: Oxidation (M) 3:
Carboxymethyl (C )
SLHTLFGDELCK 11: Carboxymethyl ( C )
RHPEYAVSVLLR
YICDNQDTISSK3:Carboxymethyl ( C )
LGEYGFQNALIVR
LKECCDKPLLEK 4: Carboxymethyl (C)
5:Carboxymethyl (C )
LKHLVDEPQNLIK
DAFLGSFLYEYSR
KVPQVSTPTLVEVSR
MPCTEDYLSLILNR 3: Carboxymethyl (C )
RPCFSALTPDETYVPK 3:Carboxymethyl (C)
LFTFHADICTLPDTEK 9: Carboxymethyl (C )
CCAADDKEACFAVEGPK 1: Carboxymethyl
(C) 2: Carboxymethyl (C) 10: Carboxymethyl
LKPDPNTLCDEFKADEK 9: Carboxymethyl
VHKECCHGLLECADDR 5: Carboxymethyl
(C) 6: Carboxymethyl (C) 13: Carboxymethyl
(C)
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Table 2.3 continued …..
2459.165 319-340 1 DAIPENLPPLTADFAEDKDVCK21:Carboxymethyl ( C )
2462.359 3-23
1 WVTFISLLLLFSSAYSRGVFR
2490.062 184-204 1 YNGVFQECCQAEDKGACLLPK8:Carboxymethyl(C)9:Car
boxymthyl (C)17:Carboxymethyl(C)
2493.248 45-65
0 GLVLIAFSQYLQQCPFDEHVK14:Carboxymethyl(C)
Peptides highlighted in green were observed with deposition using CHCA matrix only
whereas those highlighted in yellow were observed with DHB matrix. To the best of
author’s knowledge, peptides highlighted in orange (observed with CHCA) and blue
(observed with DHB) have never been reported before.

2.4 Conclusions
IBF deposition technique offers great promise for rapid deposition of small volumes and
for high-throughput peptide mass fingerprinting. The results showed that IBF depositions
allowed detection of more peptides than equivalent micropipette depositions. IBF
deposition for 0.5 and 0.25 pmol/µL digested BSA in CHCA or DHB showed that
smaller spot size (25 nL) deposition resulted in a large number of detectable peptides as
compared to 250 and 500 nL depositions. Different sequence coverage and peptide
matches were obtained when same digested BSA protein was analyzed using DHB and
CHCA matrices.
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CHAPTER THREE:
PROCESSING AND PERFORMANCE OF POLYMERIC TRANSPARENT
CONDUCTING COMPOUNDS (TCCs)
3.1 Introduction
In the last few decades, there has been growing interest in conductive polymers and
composites due to an array of potential applications in biological and chemical sensors,
separations, microelectronics circuit boards, biomedical, coatings and optical displays [15]. The ability to prepare thin, flexible, transparent films is an asset in applications
requiring nanostructuring and miniaturization[6]. Conductivity is a general property of
metals, but some polymers in combination with organic charge moieties exhibit metallic
behavior [7]. After the discovery of the first organic superconductor, (TMTSeF)2PF6, a
growing number of organic charge transfer complexes and conductive salts have been
investigated [8]. These salts exhibit a charge transfer between a donors and acceptors in
the solid state; the donors and acceptors molecules form segregated stacked sheets of
cations and anions, respectively [9-11]. These materials also have low critical
temperatures, Tcs, (the temperature below which material is superconducting).
(TMTSeF)2PF6 was subsequently replaced by another class of organic superconductors
with BEDT-TTF (bis(ethylenedithio)tetrathiafulvalene) donors (Figure 3.1a) containing
sulphur heterocycles [9]. The peripheral sulphur atoms allow better orbital overlap
between donor stacks, forming a two dimensional network. Suzuki proposed that the
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substitution of sulfur or selenium atoms by lighter atoms, such as oxygen, would increase
the Tc of organic superconductors. They synthesized an oxygen analogue of BEDT-TTF,
(bis(ethylenedioxy)tetrathiafulvalene) (BEDO-TTF) (Figure 3.1b) in which outer sulfur
atoms are replaced by oxygen atoms[12, 13]. BEDO-TTF was synthesized postulating
that π donation from oxygen atoms into tetrathiafulvalene ring would lower the first
ionization energy and make it an easily oxidized donor molecule [14]. In its partially
oxidized state, the BEDO-TTF molecule has a tendency to self-aggregate via interactions
in its peripheral heteroatoms. This results in the formation of a two dimensional
electronic structure, with metallic properties [15-19]. BEDO-TTF is of great interest in
the design of organic superconductors, semiconductors, Langmuir-Blodgett films,
crystalline organic metals, metal-like composites, biosensors, and soft electrodes
[17],[20-23].
Surface conductive reticulate doped polymer (RDP) films are easily processed. The
BEDO-TTF (donor) is an orange crystalline substance [13]. It is soluble in Bisphenol A
polycarbonate (PC) (Figure 3.1c) and easily processed into films. Bisphenol A
polycarbonate, based on 2,2’-bis(4-hydroxyphenyl) propane, is a non-conductive
amorphous polymer with optimum mechanical properties, optical properties, thermal
stability, corrosion–resistance, low density and low cost [24, 25]. Jeszka and coworkers
prepared films with BEDO-TTF/PC complexed with iodine and bromine to yield charge
transfer complexes with conductive surfaces [26]. Both exhibited metallic properties,
however, the Br doped films were clear, while the iodine films were dark colored and did
not transmit light. Additionally, BEDO-TTF/PC iodine films were metallic down to 10K
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whereas BEDO-TTF/PC bromine films were metallic to about 100K. Both of these films
exhibited surface conductivity higher than 10-3 S/sq [26].
Work by all of these researchers spurred us to investigate reticulate doped PC films with
BEDO-TTF/halogen charge transfer complexes for use in the construction of sensors
designed to detect nitroaromatic compounds [27]. This chapter describes the processing
of a series of RDP charge transfer complexes. It also reports on electrochemical
methodology used to control the oxidation state of iodine species and to induce
transparency in the BEDO-TTF/Iodine films [28]. In the course of this investigation we
thought it is important to further delve into the properties of BEDO-TTF dissolved in PC
prior to complexation with halogens. We use dielectric spectroscopy to characterize the
effect of BEDO-TTF on the relaxation behavior of PC as well as to characterize the
conductive nature of BEDO-TTF in the PC matrix. To date, no DEA analysis has been
undertaken on these interesting systems.
Dielectric Analysis
The summary of dielectric analysis is provided for readers interested in a brief review.
DEA is a thermal analysis technique well suited to the study of relaxations in polar
polymers. In dielectric experiments, a sample is exposed to an alternating electric field,
which generates an alternating electric polarization. The polarization causes the output
current to lag behind the applied electric field by a phase shift angle, θ. DEA helps in
determining the capacitance and conductance as f(t,T,f) [29] The capacitance and
conductance of a material are measured over a range of temperatures and frequencies and
are related to dielectric permittivity, ε’, and dielectric loss factor, ε”, respectively. The
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dielectric permittivity, ε’, represents the amount of dipole alignment (both induced and
permanent), and the dielectric loss factor, ε”, measures the amount of energy required to
align the dipoles or move ions. The complex permittivity, ε*, is defined as follows [30]:

where ε’ and ε” are the real and imaginary components of the dielectric complex
permittivity ε*. ε’, dielectric constant or permittivity represents the amount of dipole
alignment both induced and permanent in the sample. The permittivity of a dielectric
material is measured relative to that of a vacuum (εo= 8.85 x 10-12 Fm-1) [31].Plots of ε”
versus temperature maximize at temperatures that increase with frequency, f. Plots of ln f
versus 1/Tmax are used to characterize transitions in polymers. Linear plots indicate
secondary relaxations due to small scale motion such as side group rotation in the
backbone. The large scale segmental motion accompanying the glass transition results in
nonlinear plots discussed later.
However, at higher temperatures conductivity often obscures the maxima noted in ε”
versus temperature. The Maxwell-Wagner-Sillars (MWS) effect created in a
heterogeneous environment due to accumulation of charge, electrode polarization,
impurities etc. masks relaxation behavior [32-35].
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McCrum et al. formulated a mathematical treatment of the complex permittivity, ε* and
defined electric modulus (M*) as the inverse of the complex permittivity (ε*) equation
(1) [30].

M*: Complex electric modulus
M’: Electric storage modulus
M”: Electric loss modulus
3.2 Experimental
3.2.1 Materials
Poly (bisphenol-A carbonate) with molecular weight 45,000 was obtained from Arcos
(Fair Lawn, New Jersey, USA). BEDO-TTF was purchased from Synchem OHG
(Felsberg, Hesse, Germany). Methylene chloride (DCM), Iodine and Potassium Iodide
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Double distilled water
(18.2MΩ.cm) was purified using cascada BIO - water system (Port Washington, New
York, USA).

A
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Figure 3.1 continued …..

B

C

Figure 3.1. Molecular structure of (a) BEDT-TTF (b) BEDO-TTF (c) Polycarbonate.
3.2.2 Purification of Polycarbonate Resin
PC resin was dissolved in DCM at room temperature, precipitated in methanol and dried
for 2-3 days under a vacuum.
3.2.3 Film Casting
PC and BEDO-TTF/PC films were prepared by solution casting 1 wt% PC in DCM.
Neat PC and PC containing 2 wt% BEDO-TTF were dissolved in DCM. Solutions were
stirred until dissolution was complete, cast on a glass surfaces and evaporated at room
temperature for 24 hours day. The films were subsequently dried in a vacuum oven at
40ºC for 72 hrs. The neat films obtained by this method were colorless and transparent,
whereas BEDO-TTF/PC films were pink and transparent.
Iodine containing BEDO-TTF/PC films were prepared by dissolving iodine in DCM and
pouring the solution into a vial with a level rim. BEDO-TTF/PC films mounted on the
glass slide were placed 5mm above the solvent level. Iodine exposure resulted in
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oxidation of BEDO-TTF and formation of BEDO-TTF/PC -Iodine salts on the surface of
films [26]. Optimum conditions were obtained by varying the exposure time and
concentration of iodine to minimize surface resistivity. Depending on the exposure time
and concentration, BEDO-TTF/PC films exhibit color ranging from shiny purple to dark
green. Light purple to olive green films with metallic sheen are conductive. The Metallic
sheen increased as the optimum point was reached. BEDO-TTF/PC films exposed for a
longer period of time to iodine vapors exhibited dull green to dark purple color with no
metallic sheen, thereby resulting in non-conductive films. Long exposure time led to
changes in the oxidation state of BEDO-TTF, resulting films with non-conductive
surfaces [26].
3.2.4 Characterization
3.2.4.1 Differential Scanning Calorimetry
Calorimetric experiments were carried out using TA Instruments DSC 2920. The amount
of sample used was about 5 mgs and the heating rate was maintained at 10°C/min.
Samples were scanned in the range from 25 to 300°C and were encapsulated
in hermetically sealed aluminum pans under a nitrogen purge rate of 70-80 mL/min.
Temperature calibrations were performed with Indium as a standard. All data analysis
was performed using the TA instruments universal analysis program, version 4.5A. Two
scans were performed for films: the first scan erased thermal history and the second scan
was used to determine the glass transition temperature.
3.2.4.2 Dielectric Analysis
NOTE: Dielectric analysis was conducted on neat PC and BEDO-TTF /PC films. The
iodine complexes conduct electricity and are not suitable for DEA. Dielectric
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measurements were performed with the TA instruments DEA 2970 using single surface
electrodes. The samples were heated to 225°C to embed the sample into the channels of
the single surface and then cooled to -120 °C with liquid nitrogen. A maximum force of
250 N was exerted on the samples to achieve a minimum spacing of 0.25 mm, which
ensures good contact between the samples and the sensors. The experiments were
performed with the temperature range from -120 to 225°C, with 4°C increments through
a frequency range of 1Hz to 100 kHz. A dry helium atmospheric purge of 500 mL/min
was used to create an inert atmosphere. Capacitance and conductance were measured as a
function of time, temperature and frequency to obtain the dielectric constant, or
permittivity (ε’) , dielectric loss ( ε”) and loss tangent (

).

3.2.4.3 UV-vis Spectroscopy
UV–vis films and solutions measurements were performed using a Perkin Elmer Lambda
40 UV–vis-NIR double beam spectrophotometer with scan range from 190 nm to 800nm.
The UV-vis spectra of PC, BEDO-TTF and BEDO-TTF/PC solutions in dichloromethane
were recorded using quartz cell with 1 cm path length and dichloromethane as reference
solution. PC and BEDO-TTF/PC films were scanned with air as background.
3.2.4.4 Optical Images
Surface morphology of the BEDO-TTF/PC-Iodine films was studied using a Leica
optical microscope in the transmission mode.
3.2.4.5 Electrical Properties
Direct Current Studies
The Four-Point Probe Method was used for the resistivity measurements on BEDO-TTF
/PC-Iodine films. The probe consists of four linearly arranged and equally spaced
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electrodes, which remain in contact with a sample. The current, I, was supplied to the
material through two outside probes with the help of a Keithley 6221 DC and AC current
source, and steady voltage across the other two inside probes, V, was determined by
Keithley 6514 system electrometer. Resistivity of BEDO-TTF/PC-Iodine films was
measured randomly at different locations on the film’s surface. Voltages were measured
in volts and current in milliampere. Electrical conductivity, σ, was obtained by simply
inverting the corresponding values of the surface resistivity.
Potentiostat
The electrochemical modifications on BEDO-TTF/PC–Iodine film (0.095mol L-1,
exposed for 2mins) were carried out using a CH 760 electrochemistry workstation (CH
Instrument, TX, USA). An Ag/AgCl electrode (BASi) was used as the reference
electrode and a platinum wire was used as the counter electrode. The electrolyte was 0.1
M KI solution in water.
3.3 Results and Discussion
3.3.1 UV-vis Spectroscopy
UV-vis spectra for solutions and films are shown in Figure 3.2. In solution, BEDO-TTF
exhibits a strong absorption at 314nm and 334nm, and a weaker absorption around
518nm. PC in DCM exhibits absorption at 235, 265 and around 271nm. PC film shows
absorption at 216 nm whereas, BEDO-TTF/PC film shows absorption at 214, 318, 340
nm and a strong absorption around 518 nm. The baseline at wavelengths above the
absorption maxima indicates a lack of any scattering due to any insolubility.
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Figure 3.2. UV-vis spectrum of BEDO-TTF/PC, PC, BEDO-TTF in DCM and thin
films.
3.3.2 Optical Images
Figure 3.3 shows surface morphology for BEDOTTF/PC-Iodine films at different iodine
concentrations, where conductivity is maximum. The surface shows exhibits fine regular
grooves on optimized BEDO-TTF/PC-Iodine films. Longer exposure times and lower
iodine concentrations results more pronounced surface topology.

A

B
A

A
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Figure 3.3 continued …..
C
A

Figure 3.3. Optical images of BEDO-TTF/PC-Iodine film surface obtained using the
transmission mode of a Leica microscope at (20X) with different exposure times and I2
concentration (A ) 0.095 mol/L -2min (B) 0.063 mol/L -4min (C) 0.033 mol/L -10min.
3.3.3 Electrical properties
3.3.3.1 Direct Current studies
Table 3.1 shows that the surface of the BEDO-TTF/PC-Iodine films become conductive
as a result of complex formation between acceptor iodine and donor species BEDOTTF. This correlates with the surface topology viewed via light microscopy. The opposite
side films are non-conductive [26]. It has been shown that there is a window of optimum
exposure time wherein the conductivity maximizes [26]. Beyond this time, films are nonconductive due to a change in the oxidation state of BEDO-TTF. Table 3.1 shows the
calculated average resistivity and conductivity of these BEDO-TTF/PC-Iodine films. The
exposure time required to reach minimum resistivity for each BEDO-TTF/PC-Iodine film
increases with a decrease in iodine concentration. The surface resistivity values measured
at three locations on the surface of the film were clustered closely around one central
value. Standard deviations of surface resistivity for films when exposed for 2, 4, and 10
min are ± 1.0KΩ/sq, ± 0.02 KΩ/sq ,and ±0.005KΩ/sq, respectively.
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Table 3.1. Surface resistivity and conductivity of BEDO-TTF/PC-Iodine films
BEDO-TTF

Iodine conc. in

(wt%) in PC DCM (mol L-1)

Exposure

Surface

Conductivity

time(mins)

Resisitivity(KΩ/sq)

(SCm-1)

2

0.095

2

15.82±1.0

6.33 E-05

2

0.063

4

1.47±0.02

6.80 E-04

2

0.033

10

1.10±0.005

9.04 E-04

Figure 3.4. Cyclic Voltammogram of BEDO–TTF / Iodine film with 0.095 mol/ L
(2mins) in 0.1 M KI. Starting potential is 0.2 V and scan rate 5 mV/sec.
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3.3.3.2 Potentiostat1
Figure 3.4 shows the cyclic voltammogram of BEDO–TTF / Iodine film in 0.1 M KI
solution. The oxidation peak at 0.5 V in anodic scan corresponds to the oxidation of
iodide to iodine and the reduction peak at -0.15 V in the reverse scan is due to reduction
of iodine to iodide [36, 37]. The oxidation and reduction of iodine at these potentials is
also confirmed by the visual observation of the coloration of the film at high potentials
and discoloration at low potentials. Interestingly, no distinguishable peak for BEDO-TTF
was observed on the film in the electrochemical measurements which was reported to be
reversible peak ca. 0.5 V [14, 38]. The absence of this peak can be explained by the large
oxidation current of iodide due to high concentration of KI as the supporting electrolyte
in the solution. Clearly, the electrochemical method can be used to control the oxidation
state of iodine species in the film. Thus, through holding the potential at -0.4V, the iodine
species in the film is reduced to iodide. Then, the conductivity of reduced film was
measured to ascertain the effect of iodine on the conductivity of the film. The
discoloration gives rise to transparent film with 10% loss in conductivity.
3.3.3.3 Differential Scanning Calorimetry
The DSC thermograms for PC and BEDO-TTF/PC films are shown in Figure 3.5. The
glass transition temperature for PC and BEDO-TTF/PC films are 148.5°C [39-41] and
142.7°C, respectively. The glass transition temperature of the BEDO-TTF/PC film
decreased by 6°C as compared to the neat film, indicating that the BEDO-TTF/PC
dissolves in, and plasticizes the film.

1

Potentiostat studies were performed by Ranjani Muralidharan.
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Figure 3.5. DSC thermograms for (a) PC Film (b) BEDO-TTF/PC Film.
3.3.3.4 Dielectric analysis
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Figure 3.6 continued …..

Figure 3.6. (A) ε” vs temperature (ºC) and (B) M” vs temperature (ºC) plots for PC Film.
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Figure 3.7 continued ….

Figure 3.7. (A) ε” vs temperature (ºC) and (B) M” vs temperature (ºC) plots for BEDOTTF/PC Film.
Dielectric analysis (DEA) is a powerful technique for studying different dielectric
parameters such as permittivity, loss factor, modulus and ionic conductivity at wide
temperature range and at different frequencies. It also provides information related to
chemical structure, polarity, interaction with molecules, dielectric relaxation strength,
activation energy and molecular relaxations. The dielectric loss spectra (ε”) vs.
temperature provide information on different relaxations whereas, loss modulus (M”) vs.
temperature reveal viscoelastic and ionic conductivity region. Figure 3.6A and
Figure 3.7A are plots of ε” versus temperature for PC and BEDO-TTF/PC. Figure 3.6B
and Figure 3.7B are plots for M” versus temperature for PC and BEDO-TTF/PC. The
secondary, β relaxation is enlarged in the insets of the ε” plots. The glass transition region
also exhibits clear maxima in ε”, versus temperature plots. Many other polymers exhibit
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conductivity effects that obscure the glass transition region. However, when electric
modulus formalism is used, the glass transition region is again visible, but in addition, a
high temperature relaxation, the conductivity relaxation is noted. This region is important
because it provides information for calculating AC and DC conductivities, as well as
activation energies for ion translation [42]. Each relaxation region is further discussed in
detail.
3.3.3.4.1 Secondary Relaxation
The secondary relaxation, β, in PC has been widely studied by a host of techniques such
as NMR [43-46], neutron scattering [47], molecular dynamic simulations [48], dynamic
mechanical spectroscopy [49-52] dielectric analysis [53, 54]. Depolarized Rayleigh
scattering [55], light scattering [56, 57] and thermally stimulated discharge current (TSC)
[58]. Different explanations of the origin of beta relaxation have been proposed over the
last few decades. Earlier investigations on PC ascertained that beta-relaxation is a single,
unresolved relaxation that involves rotation of carbonate groups [49, 53]. Later several
studies were performed on beta relaxation over a broad frequency range and at the wide
temperatures where the secondary transition separated into two or three regions resulting
from phenyl ring motion, carbonate group motion and coupled phenyl ring and carbonate
motion [59-64]. Our DEA studies for PC reveal a broad β relaxation observed at higher
frequencies (1 kHz-100 kHz). Figure 3.8 shows the broad β relaxation process was
further resolved prominent into two prominent components at lower frequencies (1Hz30Hz). The relaxation occurring at higher temperature is termed as β1 relaxation whereas
other peaks at lower temperatures are termed as β2 relaxation. In comparison to PC, the
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BEDO-TTF/PC film exhibits only one secondary relaxation in the frequency range 1Hz100 kHz.
Peak maxima for each of the relaxation processes were assigned, and the slope of line
obtained from Arrhenius plots of ln frequency vs reciprocal of temperature was used to
calculate activation energies. As shown in Figure 3.9, the activation energies for β1 and β2
processes in PC in frequency range 1Hz-30Hz were found to be 44 and 54 kJ/mol
whereas for PC, it was determined to be 47 kJ/mole in frequency range 1kHz -100kHz.
Figure 3.10 demonstrates that the activation energy for BEDO-TTF/PC in frequency
range 1kHz-100 kHz is 38kJ/mole respectively.

Figure 3.8. DEA:Loss factor (ε”) vs. Temperature (ºC) for PC film (1Hz-30Hz).
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Figure 3.9. Arrhenius plot of the β relaxations for PC film.

Figure 3.10. Arrhenius plot of the β relaxations for BEDO-TTF/PC film (1kHz-100kHz).
3.3.3.4.2 Primary Relaxation
In PC, the alpha transition or glass transition involves micro Brownian motion in the
main chain and conformational changes in the phenyl groups [65, 66]. The α relaxation is
discernible in e” vs temperature plots. The maxima in e” for Tg occur from 148-174 °C
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for PC and from 140-168 °C for BEDO-TTF/PC (Figure 3.11A & 3.11B). The plots of ln
frequency vs reciprocal of temperature exhibit the expected curved behavior that are
predicted by the William-Landel-Ferry (WLF) equation(2) [67, 68].

Where

the shift factor that corresponds to frequency, T is a given temperature, and T 0

is the reference temperature;  is the relaxation time; 0 is the angular frequency at T0.
C1, C2 and T0 are WLF constants that are determined by curve fitting the data to the WLF
equation using Origin software as shown in Figure 3.12 (A and B). The values of C1, C2
and T0 were found to be 9.8, 42.7K, and 427.9 K within a temperature range of 148-174 º
C for PC and 10.1, 43.8K, 420.6K within a temperature range of 140-167ºC for BEDOTTF/PC respectively. The WLF constants C1 and C2 reveals information related to
fractional free volume (fg) and thermal expansion (αf) parameters through equations (3
and 4).

Where fg is an unoccupied (free) volume in the structure and B is taken as unity according
to Doolittle equation. The fg for PC and BEDO-TTF/PC are 0.044 and 0.042 respectively
whereas the thermal expansion for PC and BEDO-TTF/PC are 1.03*10-3 and 0.958*10-3
respectively .The apparent activation energy (∆H) values for PC and BEDO-TTF/PC
were calculated accordingly to the Catsiff and Tobolsky equation (5) [69]--:
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( )

The values of activation energies for PC and BEDO-TTF/PC films were found to be 813
kJ/mol and 785 kJ/mol respectively. These values for PC are in the range of values of 480
and 835 kJ/mol as reported in literature [43, 53, 70]. WLF behavior for PC had been
previously reported by others [31, 71-76] .
Work herein demonstrates that BEDO-TTF plasticizes the PC matrix and reduces the
glass transition temperature. ε” vs temperature plots for the PC and BEDO-TTF/PC
films in the transition are shown in Figure 3.13. Main chain motion occurs at low
temperatures in the BEDO-TTF plasticized film.
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Figure 3.11 continued …..

Figure 3.11. Plots of In frequency (Hz) vs. 1/T (K) for (A) PC and (B) BEDO-TTF/PC
films.
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Figure 3.12 continued …..

Figure 3.12. WLF plot for glass transition of (A) PC and (B) BEDO-TTF/PC films.

Figure 3.13. Comparison of Alpha (α) relaxation of PC and BEDO-TTF/PC film at 10Hz
and 100 kHz, respectively.
3.3.3.4.3 Ionic conductivity relaxation
Three proofs were used to confirm ionic conductivity relaxation: 1. Argand plot 2. Ideal
ionic translation 3. AC and DC conductivity [28, 40].
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Proof 1. Argand Plot
The dielectric permittivity and loss factor for a relaxation with a single relaxation can be
described by equations (6) and (7)

Where

is the dielectric relaxation time,

high frequency, unrelaxed state, while

is the angular frequency.

represents the

represents the low frequency, relaxed state. By

arranging equations 6 and 7, equation 8 is derived as

{

}

(

)

Cole–Cole proposed that by plotting dielectric loss (ε”) against permittivity (ε’) at a
particular temperature, a semicircle of radius (

) is obtained [30]. In Cole –Cole

plots the high frequency region is on left side, while the low frequency exists on the right
side of the plot. The Argand plots identify viscoelastic and conductivity effects. Argand
plots were plotted between imaginary part (M”) of the complex modulus against real part
(M’) of the complex modulus as functions of the frequency at fixed temperatures. In an
Argand plot, low frequency measurements exist on the left side of the semi-circle while
the high frequency is on the right side. Argand Plots can be obtained from the following
equation:
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(

{

})

(

)

These plots yield the dielectric strength (∆ε) or relaxation strength, activation energy for
relaxation, relaxation time (г) and distribution parameter. The dielectric strength or
relaxation strength (∆ε) is described as the difference between the low frequency, relaxed
state (εo) and the high frequency, unrelaxed state (εα), [30, 77-79]. Dielectric relaxation
(∆ε) is related to the amount of dipole alignment per unit volume and the effectiveness of
alignment with the applied electric field. Semi-circular behavior is characteristic of
Debye behavior for small rigid molecules and molecular liquids. This indicates a single
relaxation time due to ionic conduction in the absence of any viscoelastic relaxation
behavior [35]. By using the electric modulus, the space charge effects are reduced and
ionic conductivity peaks appear [80, 81]. Figure 3.14 shows semicircular behavior at
224oC.
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Figure 3.14 continued …..

Figure 3.14. Argand plots derived from the conductivity relaxation region at different
temperatures (152,172 and 224 °C).
Proof 2. Log M”, M’ vs Frequency
Ambrus et.al derived the electric modulus in terms of time, frequency and modulus (see
equation 10 and 11[82]. Starkweather et.al show that plots of log M" and log M' vs. log
93

frequency at low frequencies will yield slopes of 1 and 2, respectively, when the electric
modulus arises purely from ion conduction without contributions from viscoelastic
relaxations [42]. Above Tg, the conduction is purely due to the diffusion of ions and
independent of viscoelastic relaxation [14, 34, 79].

(

)

[

]

[

]

where

Figure 3.15 shows that above Tg, PC and BEDO-TTF/PC films samples approach ideal
value of 2 or 1 respectively, confirming ionic conductivity.
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Figure 3.15 continued …..

Figure 3.15. (A)Dependence of the real (M’) and imaginary (M”) parts of the electric
modulus on frequency in the region of the conductivity for PC and (B) BEDO-TTF/PC
films, respectively.

Proof 3. AC and DC Conductivity
When viscoelastic effects are negligible, the loss factor is described by equation (12).
Upon rearrangement, AC conductivity can be obtained by equation (13)

: absolute permittivity of free space (8.854 x
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)

As shown in Figure 3.16(A and B), the loss factor increases in the conductivity region at
high temperatures and low frequencies.

Figure 3.16. Frequency dependence of AC conductivity
(S/m) for (A) PC and (B)
BEDO-TTF/PC film (2wt %), respectively, above Tg temperature.
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Figure 3.16 shows frequency dependency of σac at temperatures where conductivity
affects dominate viscoelastic behavior. As temperature increases, σac conductivity
develops a plateau (ca.184 °C) from 1 Hz to 102 Hz, signifying the beginning of the
conductivity relaxation region. The σac plateau then expands to higher frequencies 104 Hz
as the temperature is increased, thus showing a frequency independent conductivity
relaxation region. The absence of a frequency dependent region signifies negligible
viscoelastic effects. This study reveals that the conductivity relaxation region exists
between (180 to 224 °C). At a lower temperature, where dielectric relaxation is dominant,
the apparent conductivity (AC and DC) is strongly dependent on frequency. As
temperature increases, conductivity becomes almost independent of the frequency. Figure
17 (at 216°C) shows that the BEDO-TTF/PC film has higher σac values than that of the
PC. The addition of BEDO-TTF presumably increases the amorphous content of the
polymer. It speeds up segmental motion by increasing available free volume, thereby
facilitating easy ion migration.

Figure 3.17. Comparison of AC
216 °C.

) conductivity for PC and BEDO-TTF/PC film at
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The DC conductivity values (σDC) have been obtained through the AC conductivity
measurement [83-85].as shown by equation 14.

is the angular frequency,

is the vaccum permittivity ,

is the imaginary part of the

complex permittivity, A is the temperature dependent parameter and s is the frequency
dependent exponent of the ‘universal’ power law. The exponent s lies between 0 ≤ S ≤
1[79, 81]Frequency independent AC conductivity has been observed at higher
temperatures, which signifies the long range movement of mobile charge carriers. At
higher temperatures, the graph is seen as linear on a logarithmic scale. The plateau values
give DC conductivity. The Arrhenius relationship is expressed by equation (15)
(

)

Apparent activation energy
: DC conductivity
: Pre-exponential factor (conductivity at infinite temperature)
k: Boltzmann’s constant
Plots of In DC conductivity versus 1/temperature yield ionic conductivity and activation
energies from the slopes. At higher temperatures, this plot exhibits a linear response
(Arrhenius behavior). Figure 3.18 shows higher activation energy for PC (21kcal/mole)
due to lack of plasticization as compared to the plasticized BEDO-TTF/PC film which
has an activation energy of 14kcal/mole.
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.
Figure 3.18. Log
film (blue).

versus inverse temperature plots of PC (red) and BEDO-TTF/PC

3.4 Conclusions
In this paper, we reported a facile method of preparing thin films. Films of PC and
BEDO-TTF/PC were analyzed via DSC and DEA, whereas electrical properties and
conductivity of films were studied by Potentiostat and Four point probe (FPP). Thermal
studies have been successfully employed for depicting changes in thermal transitions of
films. Dielectric measurements carried out on PC and BEDO-TTF/PC confirms multiple
transitions within the temperature range of -120 to 225 °C for the frequency range 1-100
kHz. Different parameters such as relaxation broadening, activation energy and
conductivity (AC or DC) were found to be composition dependent. The AC conductivity
becomes higher with the addition of BEDO-TTF. These films offer a wide range of
interest in electrical applications.
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CHAPTER FOUR:
Future Work
The research presented in this dissertation will lead to a significant improvement in the
analysis

and

characterization

of

digested

Bovine

Serum

Albumin

and

Polycarbonate/BEDO-TTF polymer films.
4.1 Signal-to-Noise Improvement in MALDI-TOF-MS
The first part of the dissertation focused on a novel sample preparation technique,
Induction Based Fluidics (IBF), for depositing analytes onto MALDI targets. As
discussed in chapter one, use of IBF technique resulted in significant enhancement of S/N
of digested BSA protein and lipid galactocerebrocide. Analyte ionization depends on the
matrix involved for forming co-crystal, and different ionization efficiencies were
observed when the same peptide was co-crystallized with different matrices. Different
peptides also showed different ionization efficiencies when the same matrix was used for
analysis. Further study of the choice of matrix or combination of matrices is definitely
needed.
While doing PMF for digested BSA, we have observed that different sequence coverages
and peptide matches were obtained when the same digest was analyzed using α-cyano-4hydroycinnamic acid (CHCA) and 2,5-dihydroxybenzoic acid (DHB) matrices. In order
to improve peptide mass fingerprinting (PMF) for accurate protein identification, a
combination of different matrices in varying ratio can be explored for achieving higher
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sequence coverage and peptide matches. During the course of our study we studied PMF
by searching the SwissProt database. Searches using different databases

should be

explored in the future to identify which database give the maximum number of peptide
matches and better sequence coverage. It is good to double check with different databases
for reliable peptide identification.
Another area where potential investigation can be carried out is comparison of S/N ratio
obtained by IBF and other sample deposition techniques such as the vacuum drying, dried
droplet, overlayer, and sandwich methods etc. An analyte may show better results for a
particular deposition method, whereas the S/N of other analytes may not be affected by
deposition method. Depending on factors such as hydrophilicity, hydrophobicity,
isoelectric point, pH and growth rate of crystals, deposition methods may show
tremendous improvement in MALDI and PMF [1, 2].
Usually for analysis of analytes by MALDI, a stainless steel plate is the preferred matrix
support without any further modification on the plate surface. However the chemical and
physical properties of analytes are very different, and sometimes surface modification of
the MALDI plate is required to achieve improved S/N and sensitivity. Several surface
modification method have been reported, including use of hydrophobic coatings or
hydrophilic anchors bonded to the surface of the plate. Several research groups have
reported that use of paraffin wax, polystyrene, teflon, polyurethane, nylon or carbon tape
increases the sensitivity and S/N of MALDI [3-9]. IBF deposition of analytes on these
surface modified plates may be carried out to achieve higher S/N.
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Solvent selection for preparation of matrix-analyte co-crystals is very important. The
solvent must dissolve the matrix and analyte and should also provide good crystal
growth. Solvent mixtures having higher ratios of organic solvent tends to form small
crystals, since the evaporation of solvent is rapid and inefficient time to form large
crystals. Usually a 50:50 mixture of ACN/H2O containing 0.1% TFA is used. Use of
different solvent systems such as acetone/acetonitrile or isopropanol/acetronitrile may
improve crystal growth, leading to significant improvement in both spot-to-spot and
sample-to-sample reproducibility [10]. Studies can be conducted to identify suitable
solvent mixtures for improved crystallization of analyte-matrix and for increased
reproductiblity and sensitivity of MALDI.
Spot size also has a significantly effects on MALDI sensitivity and reproducibility of
MALDI. As discussed in chapter one, smaller spot size deposition by IBF increases S/N
and reproducibility of MALDI. When the area of spot is close to the diameter of the laser
beam, the laser can ablate the entire spotted area, thereby increasing shot-to-shot
reproducibility. Studies can be performed on BSA digests using smaller analyte
depositions via IBF with fused silica needles of smaller diameter (ID/OD). Sometimes
when the concentration of analyte in the sample is small, signals are low or cannot be
observed. This problem can be solved by performing multiple spotting of the sample at
the same position using IBF.
We studied the surface morphology of digested BSA/matrix co-crystals using cross–
polarization microscopy. Cross polarization shows the morphological distribution and
deposition area of the sample. In future work scanning electron microscopy (SEM) can be
used to provide images of the surface topography and three-dimensional structure of the
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sample. All the above mentioned parameters play significant roles in understanding the
crystal properties. During our entire study for BSA analysis, we have utilized DHB and
CHCA matrices for sample preparation another matrix that can be studied for BSA is
sinapinic acid, which has a tendency to form small crystals on the target. We have
observed from our research that sample deposition morphology greatly affects the S/N.
Surface profilometry is another technique by which topography of the deposited material
can be studied. It measures and maps the surface profile (concave or convex), surface
roughness, thickness and occupied area of the deposited volume. It is known that
temperature affects the distribution and morphology of crystals, another potential area for
research is the study of temperature affects on the morphology of analyte-matrix cocrystals using a microscope with a heating / cooling stage.
Studies can also be carried out to investigate the diffraction pattern of the analyte-matrix
crystal distribution by transmission electron microscopy using different deposition
techniques. This will provide insight into both the surface and microstructural ordering
behavior of the crystals. Diffraction patterns helps in determining the lattice parameters
of the crystal and orientation relationships and can also help in identifying the material.
The diffraction pattern is like a sample signature, which is different for each sampling
geometry.
4.2 Synthesis and Characterization of PC and BEDO-TTF/PC Films
Another project undertaken in this research involved synthesis and characterization of
polymeric BEDO-TTF/PC films for use in sensors to detect improvised explosive devices
(IED). While this dissertation describes the synthesis and characterization of polymeric
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films, there are many areas remaining unexplored and in need of further research. As
mentioned in chapter three we have observed that conductivity of iodine doped BEDOTTF/PC films decreases with respect to time. Future research is needed to prepare more
stable polymer films that have better conductivity. During the project, we studied the
thermal and electrical properties of PC and BEDO-TTF/PC films by differential scanning
calorimetry (DSC) and Dielectric analysis (DEA), respectively. Dynamic mechanical
analysis (DMA) and rheology studies can also be performed on these polymeric films to
gain more insight into the mechanical properties and associated relaxations. Also,
fluorescence spectroscopy studies can be carried out on these polymeric films.
Another area where further research is needed is the synthesis of bifunctional gold
nanoparticles, so that bifunctional conjugated conductive oligomer wire can be attached
to them. One end of the conjugated oligomer wire can be attached to the metal on the
surface of the polymer BEDO-TTF/PC film via a thiol functional group, whereas the
other end can be used to attach various functional groups such as tetracyanoethylene and
biphenyl-4, 4’-dithiol for detect nitro–derivatized explosive compounds. Throughout the
project ,we found that the required BEDO-TTF dye needed was very expensive and
difficult to procure. There are only few companies that carry out custom synthesis of this
dye. Hence, synthesis of this dye in the lab would make this project more viable, less
expensive and less dependent on dye manufacturers.
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